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ABSTRACT 
Changes in Hybrid Poplar Endophytic Microbial Diversity 
in Response to Trichloroethylene Exposure 
 by 
Jared S. Ervin, Doctor of Philosophy 
Utah State University, 2010 
Major Professor: Dr. R. Ryan Dupont 
Department: Civil and Environmental Engineering 
Remediation of trichloroethylene (TCE) is a major priority for many 
contaminated sites all over the industrialized world including Hill Air Force Base, UT 
(HAFB).  Phytoremediation as part of a cleanup strategy is an appealing option, and trees 
at HAFB have been studied to this end.  Trees have also been used to delineate 
groundwater plumes because the passive uptake of organic contaminants by trees 
generally results in a direct relationship between tree and groundwater TCE 
concentrations if the trees are using the contaminated groundwater.  However, the 
concentrations of plant-produced TCE metabolites can vary greatly.  It was hypothesized 
that the endophytic microbial community present may be affecting the fate of TCE within 
these trees.  This study was designed to determine if the microbial community present 
within hybrid poplar trees would change in response to TCE exposure. 
Trees were grown in a greenhouse to reduce environmental variability.  
Concentrations of TCE, its degradation products, and its metabolites were then measured 
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in these trees.  DNA was extracted from the tree tissues and amplified to determine the 
quantity of microbial DNA.  Diversity of this DNA was determined by fragment analysis.  
Data were analyzed to determine if there was an effect of TCE treatment on the microbial 
community composition in the trees. 
Results showed that all tissues of dosed trees contained TCE.  Metabolism of TCE 
to trichloroacetic acid (TCAA) and trichloroethanol (TCEtOH) in tree tissues was 
observed by the accumulation of these metabolites.  Microbial DNA results revealed that 
TCE treatment reduced both the quantity and diversity of endophytic bacteria and fungi 
in several cases.  Multivariate statistical analyses also showed that the endophytic 
microbial community shifted in response to TCE treatment. 
The endophytic microbial communities present in the hybrid poplar trees of this 
study were high in concentration and diversity, both of which were affected by TCE 
treatment.  Endophytic bacterial concentrations were observed at over 109 copies/g with 
diversities of 70+ genetically distinct organisms.  Decreases in these values with the 
addition of TCE showed that the community dramatically changed in some cases, but was 
able to more quickly adapt to TCE addition in other cases.  The effects of these 
endophytic microorganisms associated with plants should therefore be included when 
phytoremediation is considered. 
(188 pages) 
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INTRODUCTION 
Trichloroethylene (TCE) is one of the most common groundwater contaminants in 
the United States and throughout the industrialized world (Behrens et al., 2008; Lee et al., 
2008; Shang et al., 2001).  TCE is considered a potential carcinogen that has been shown 
to cause liver problems and is regulated by the EPA to a maximum contaminant level 
(MCL) in drinking water of 5 µg/L (EPA, 2009).  
Hill Air Force Base (HAFB) is located in northern Utah just south of the city of 
Ogden, approximately 30 miles north of Salt Lake City.  Due to past improper chemical 
disposal practices there are many contaminated areas of soil and groundwater in and 
around the base.  Currently there are 12 designated operable units, most of which contain 
TCE and its degradation products as the primary contaminants of concern (James, 2003).  
The goal for TCE contaminated operable units at HAFB is to remediate TCE to its MCL 
of 5 µg/L. 
Trees growing over TCE contaminated soil and groundwater at HAFB have been 
sampled and monitored for the past 10 years in order to help characterize the groundwater 
plumes as well as to determine the ability of trees to help remediate groundwater.  Tree-
core and leaf samples have been analyzed for concentrations of TCE, its degradation 
products, and its metabolites (Doucette et al., 2003, 2007; Winters, 2008).  When 
concentrations of TCE and its degradation products (cis-DCE, trans-DCE, and vinyl 
chloride) found in the trees are compared to concentrations found in nearby groundwater 
monitoring wells, significant differences are observed.  If TCE were simply being 
transported from the roots to the leaves along with the water transpired, then TCE and 
cis-DCE concentrations within the trees (trans-DCE and vinyl chloride are not seen in 
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most tree or groundwater samples) would be expected to be proportional to those 
concentrations seen in nearby groundwater.  In some trees the concentrations of cis-DCE 
are high and there is little or no cis-DCE found in the nearby groundwater.  In other trees 
the concentrations of cis-DCE are high in the groundwater while little or no cis-DCE is 
found in the trees.  An example of this phenomenon can be observed in the data shown in 
Table 1.  These data show the average of several tree-core and groundwater samples 
collected in May of 2007 by Rachel Winters and myself at HAFB Operable Unit 2 
(OU2).  Data on TCE metabolites (trichloroethanol, trichloroacetic acid, and 
dichloroacetic acid) found in the leaves of these trees has also been inconsistent. 
Data such as these suggests that there may be more processes than simple 
transport and transpiration (i.e., degradation and/or metabolism of TCE and cis-DCE) 
taking place as the groundwater moves into and is transpired by these trees.  One 
potential mechanism for degradation and metabolism within the trees is from endophytic 
microorganisms. 
Endophytes are defined as organisms that live within the tissue of a plant without 
causing disease to the plant.  Endophytes have been found to be ubiquitous in all plant 
 
Table 1. TCE and cis-DCE concentrations in tree-cores and nearest groundwater 
monitoring wells at OU2 
 
Tree Tree-Core Conc. (µg/kg) Groundwater Conc. (µg/mL) TCE cis-DCE TCE cis-DCE 
Poplar 1 400.9 9.1 50.7 847.9 
Poplar 3 14.3 16.9 250.0 4.2 
Russian Olive 32.8 12.8 250.0 4.2 
Willow 1 104.7 50.0 6.2 ND 
Willow 2 19.0 14.4 250.0 4.2 
ND = Non Detect or Below Detection Limit. 
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species studied (Lodewyckx et al., 2002).  The adding or modifying of naturally 
occurring endophytes to assist with the phytoremediation of contaminated soil and 
groundwater has recently been explored in several studies (Bacon and Hinton, 2007; 
Newman and Reynolds, 2005; Ryan et al., 2008; Weyens et al., 2009).  One risk of 
phytoremediation is that many contaminants, such as TCE and their degradation 
products, are not completely degraded within the plant, increasing toxicity and the 
exposure risk to humans and animals.  The contribution of endophytes and other plant-
associated microorganisms to degradation could reduce the risk when phytoremediation 
is used and could have an effect on the fate of contaminants such as TCE. 
Preliminary work completed on trees growing over TCE contaminated 
groundwater at HAFB showed that endophytes were present at relatively high 
concentrations.  However, due to the many uncontrolled environmental factors affecting 
the endophytic community present in these trees it was not possible to determine if there 
was any correlation between endophytes and TCE degradation. 
This study was designed to determine if a correlation between TCE treatment and 
the endophytic community present in trees could be established in a controlled 
greenhouse environment.  Hybrid poplar trees were grown with different TCE doses, and 
the endophytic microbial community within these trees was analyzed.  Analyses included 
quantitative real-time polymerase chain reaction (qPCR), to determine the quantity of 
archaea, bacteria, and fungi present, as well as automated ribosomal intergenic spacer 
analysis (ARISA), to determine the diversity of bacteria and fungi, associated with the 
soil, roots, stems, and leaves of these trees.  These results were then compared to 
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determine if TCE treatment had an effect on the microbial community associated with 
different parts of the trees. 
The overall hypothesis of this study was that the endophytic microbial community 
(bacteria, archaea, and fungi) present within the tissue (roots, stems, and leaves) of hybrid 
poplar trees would change (concentration and/or diversity) due to exposure to water 
containing TCE.  Additional hypotheses investigated in this research were that the 
endophytes present in the tissues of these hybrid poplars originated both from the outside 
environment (i.e., soil, water, and air) and from the parent tree, and that these endophytes 
played an active role in the fate of TCE in these phytoremediation systems. 
The complete research objectives that were used in this study to test these 
hypotheses are outlined in the following section. 
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OBJECTIVES 
1. Develop methods for the sampling of hybrid poplar tissues (roots, stems, and 
leaves), and extraction of DNA from endophytic and other plant-associated 
microorganisms (archaea, bacteria, and fungi) for use in downstream molecular 
analysis. 
2. Determine the quantity and diversity of endophytic and other plant-associated 
microorganisms present in tissues of hybrid poplar trees by PCR amplification of 
extracted DNA. 
3. Determine if there is an effect on the endophytic community due to TCE dose in 
the hybrid poplars grown in this study using statistical methods to compare the 
quantity and diversity of microorganisms based on TCE dose. 
4. Determine potential sources of endophytes present in these trees by comparing 
diversity results from the hybrid poplar trees to soil samples, original hybrid 
poplar cuttings, OU2 poplar cuttings, OU2 poplars grown in the greenhouse, and 
samples taken directly from OU2 trees at HAFB. 
5. Determine what role the endophytes living within the tissues of poplar trees 
growing over contaminated soil and groundwater at OU2 may have in the 
remediation of TCE. 
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LITERATURE REVIEW 
Trichloroethylene 
Trichloroethylene (TCE) is one of the most common groundwater contaminants in 
the United States and throughout the industrialized world (Behrens et al., 2008; Lee et al., 
2008; Shang et al., 2001).  TCE has been used for decades in military, industrial, medical, 
and household applications.  Common uses of TCE include metal degreasing, dry 
cleaning, and as an anesthesia.  TCE is considered a potential carcinogen that has been 
shown to cause liver problems and is regulated by the EPA to a maximum contaminant 
level (MCL) in drinking water of 5 µg/L (EPA, 2009).  The public health goal (MCLG) 
for TCE as set by the EPA is zero, demonstrating that TCE is potentially harmful even 
below the MCL, but current detection and remediation technologies are not capable of 
achieving this zero level in a practical manner. 
The remediation of TCE is of particular interest due to its persistence in the 
environment and the harmful chemicals that may be produced when it degrades.  TCE is 
a dense non-aqueous phase liquid (DNAPL), and therefore it tends to sink to the bottom 
of an aquifer when released into the soil.  This not only makes TCE source zones difficult 
to locate, but also makes traditional remediation technologies, such as excavation and 
pump and treat, difficult to successfully implement.  The toxic chemicals that are 
produced when TCE anaerobically degrades further complicate its remediation.  Some of 
these chemicals, such as vinyl chloride, are even more toxic than the TCE itself and can 
accumulate in the environment.  TCE degradation products from microbial reductive 
dechlorination include dichloroethylenes (cis-DCE and trans-DCE), vinyl chloride (VC), 
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and ethene.  MCLs for cis-DCE, trans-DCE, and VC are 70, 100, and 2 µg/L, 
respectively (EPA, 2009).  Much like TCE, these degradation products can be highly 
recalcitrant and dissolve into groundwater, potentially causing additional problems in the 
environment if complete degradation is not achieved. 
 
Bioremediation 
Over the past two decades bioremediation through anaerobic reductive 
dechlorination by bacteria has become an accepted technology for the highly effective 
remediation of TCE and its degradation products.  Two basic strategies are often used to 
increase the effectiveness of bioremediation at sites where complete degradation is not 
occurring, or is not occurring at a desirable rate.  First, bioremediation may include 
biostimulation, which involves the addition of nutrients, electron acceptors, and/or a 
carbon source to the soil and/or groundwater to stimulate the activity of indigenous 
microorganisms and consequently enhance biodegradation of contaminants by these 
indigenous microorganisms.  Second, bioremediation may include bioaugmentation, 
which involves the addition of specifically selected, pre-grown microorganisms to a site 
to initiate or accelerate contaminant degradation (ESTCP, 2005).  The enhancement of 
the microbial community present at a site subsequently improves contaminant clean-up 
by ensuring that sufficient quantities of the desired microorganisms are present in the soil 
to complete biodegradation and reduces overall clean-up costs and time.  
Bioaugmentation can be particularly effective where indigenous microorganisms capable 
of degrading the contaminants of concern (i.e., TCE and its degradation products) are not 
present, or are present at very low concentrations in the soil and groundwater at a site.  
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Bioremediation, including biostimulation and bioaugmentation, has been 
successfully used to remediate TCE and its degradation products at many contaminated 
sites (Ellis et al., 2000; Harkness et al., 1999; Major et al., 2002).  Currently available 
dechlorinating enrichment cultures for use in bioaugmentation include KB-1 from 
SiRem, the BD-1 from Regenesis, and the Pinellas culture from Terra Systems (ESTCP, 
2005).  Although microorganisms have the primary catalytic role in bioremediation, 
knowledge of the exact processes occurring in microbial communities remains limited 
and the microbial community is still often treated as a “black box” with contaminants 
such as TCE going in and degradation products coming out.  Bioremediation continues to 
be a developing field with many examples of successes and failures in the field.  
Challenges will undoubtedly continue considering bioremediation has traditionally been 
carried out in the natural environment where many of the microorganisms are 
uncharacterized and no two environmental projects are identical (Singh and Ward, 2004).  
However, many of the processes by which bioremediation of TCE and its degradation 
products occur are relatively well understood.  An overview of the major aerobic and 
anaerobic pathways for the degradation of chlorinated ethenes as well as those groups of 
bacteria that are responsible for the reduction is described in the 2005 Environmental 
Security Technology Certification Program report titled Bioaugmentation for 
Remediation of Chlorinated Solvents (ESTCP, 2005). 
The bioremediation of TCE via anaerobic reductive dechlorination commonly 
involves a consortium of bacteria.  While many different bacteria have been identified 
that can partially dechlorinate TCE to cis-DCE or VC, only bacteria of the genus 
Dehalococcoides have been shown to completely dechlorinate TCE to ethene (He et al., 
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2003; Loffler et al., 2003).  Microbial reductive dechlorination involves the removal of a 
chlorine atom from a chlorinated ethene with the concurrent addition of an electron to the 
molecule via hydrogenolysis (Mohn and Tiedje, 1992). 
Genes responsible for microbial reductive dechlorination, called dehalogenases, 
that have been characterized include trichloroethylene reductive dehalogenase (tceA) and 
vinyl chloride reductive dehalogenases (bvcA and vcrA).  The tceA gene is known to code 
for a protein that catalyzes the sequential metabolic transformation of TCE to cis-DCE 
and VC.  Ethene can then also be formed from VC through cometabolic processes, 
although generally at a slow rate.  The vcrA gene has been shown to be involved in the 
transformation of cis-DCE and VC to ethene, and the bvcA gene has been shown to be 
involved in the metabolic transformation of VC to ethene (Lee et al., 2008).  The 
quantification of these genes, in addition to total Dehalococcoides bacteria present, is 
currently the best way to assess the success of biostimulation and bioaugmentation when 
bioremediation is used at a TCE contaminated site.  Several studies have been performed 
showing that the overall quantity of reductive dehalogenase genes and their total sum 
have a higher correlation to dechlorination activity than other measures previously used 
(Holmes et al., 2006; Lee et al., 2008; Ritalahti et al., 2006). 
Although reductive dechlorination by anaerobic bacteria is the most common 
method used in bioremediation, many other potential forms of biological transformation 
are possible.  Dehalogenation reactions have been shown to occur in aerobic, facultative, 
and anaerobic organisms spanning the phylogenetic kingdoms bacteria, archaea, and 
eukarya (Haggblom and Bossert, 2003).  Bacteria and fungi can degrade TCE and cis-
DCE through the process of cometabolic oxidation (Yadav, Bethea, and Reddy, 2000).  
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In this process microorganisms do not directly benefit from degradation, but rather 
produce enzymes during their normal growth that fortuitously degrade TCE and some of 
its degradation products.  Dehalogenation of TCE and cis-DCE has also been 
demonstrated to occur in plants in many studies, including in wild-type poplars (Strand, 
2004).  The remediation implications of biological dehalogenation in plants are discussed 
in the next section. 
 
Phytoremediation 
Phytoremediation is defined as the use of plants for the in situ treatment of 
contaminated soils, sediments, water, and air.  It has been used at sites containing 
organic, nutrient, metal, and other contaminants that can be accessed by the plant (usually 
the roots) and subsequently sequestered, degraded, immobilized, or metabolized.  
Extensive research has been conducted over the past decade into the phytoremediation of 
organic xenobiotic chemicals such as chlorinated solvents, pesticides, and explosives 
(Dietz and Schnoor, 2001).  In general, phytoremediation is an inexpensive, socially 
accepted, and aesthetically pleasing alternative to other mechanical, chemical, and 
biological remediation techniques (Alkorta and Garbisu, 2001).  Processes utilized by 
plants to remediate contaminants include: sorption and precipitation in the root zone, 
degradation and metabolism of the contaminant within the plant or rhizosphere, and 
uptake followed by transpiration and phytovolatilization of contaminants through the 
plant leaves (Winters, 2008). 
Uptake of organic contaminants such as TCE and its degradation products is 
thought to be passive with the plants taking up the contaminants along with the water 
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they are utilizing for nutrient transport (Dettenmaier, Doucette, and Bugbee, 2009).  
However, concentrations of TCE within the transpiration stream of the tree compared to 
that of the soil or groundwater have been shown to vary widely in different studies 
suggesting that TCE is not taken up by the plant at the same rate as water (Davis et al., 
1998).  Many studies have been performed in the lab and in the field to determine the 
plant pathways and uptake mechanisms of organic chemicals such as TCE (Burken and 
Schnoor, 1998; Doucette et al., 2003, 2007; Newman et al., 1997, 1999; Orchard et al., 
2000). 
The passive uptake of organic compounds is a function of plant and chemical 
properties.  The octanol-water partition coefficient (log Kow), or the concentration ratio 
obtained at equilibrium when a chemical is allowed to partition between a two-phase 
mixture of octanol and water, can be used to estimate plant uptake.  TCE is relatively 
hydrophobic, with a log Kow of approximately 2.5, and has been shown in several 
laboratory and field studies to enter into the leaves, stems, and trunks of plants (Burken 
and Schnoor, 1998; Dettenmaier, Doucette, and Bugbee, 2009; Doucette et al., 2003, 
2007; Newman et al., 1997, 1999; Orchard et al., 2000).  Once a compound is in the 
plant, the efficiency of transpiration stream movement of compounds from the roots to 
the shoots can be defined by the transpiration stream concentration factor or TSCF 
(Dettenmaier, Doucette, and Bugbee, 2009).  The TSCF is the concentration in the xylem 
sap divided by the concentration in the external solution.  Published TSCF values for 
TCE vary widely depending on the study ranging from 0.02-0.90 (Burken and Schnoor, 
1998; Davis et al., 1998; Orchard et al., 2000).  A recent study looking at the plant uptake 
of TCE and other water-soluble organics found no evidence of anything but passive 
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uptake and concluded that loss mechanisms such as volatilization and metabolism may be 
the most important determinants in the concentration of these chemicals within plants 
(Dettenmaier, Doucette, and Bugbee, 2009). 
There are two methods by which water enters the roots of the plant.  The 
symplastic and transmembrane pathways require water to enter the root cells by crossing 
the root cell membrane.  This water then moves from cell to cell through the 
plasmodesmata.  The apoplast pathway allows water to travel through the roots between 
the root cells without crossing the root cell membrane (Taiz and Zeiger, 2006).  Through 
the apoplast pathway chemicals like TCE are allowed to travel within the roots of a tree.  
However, regardless of the pathway that is taken, water and other molecules must at 
some point cross through cellular membranes in order to pass from the root cortex to the 
vascular tissues of the tree.  The casparian strip protects the vascular tissues of the tree, 
and it is here that transport of chemicals like TCE may be limited. 
Aquaporins in the cell membrane facilitate the selective uptake of water and may 
also be able to limit the uptake of chemicals such as TCE.  However, even if it is limited 
from passing through aquaporins, TCE may still be able to enter the cell by sorption and 
diffusion through lipids in the cell membrane (Collins, Fryer, and Grosso, 2006). 
Laboratory and field studies have also been conducted to gain a better 
understanding of plant transpiration of TCE from contaminated groundwater (Doucette et 
al., 2003; Ma and Burken, 2004; Rogers, 2006).  Results of these investigations have 
shown that TCE is phytovolatilized by trees and that this could be a potentially 
significant fate pathway with an estimated 10 to 200 L/day of water transpired per tree 
(Wullschleger, Meinzer, and Vertessy, 1998).  There are five major factors that are 
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thought to contribute to the transport and phytovolatilization of TCE in trees:  1) 
advective transport upward in the xylem, 2) advective transport downward in the phloem, 
3) sorption and desorption between the transpiration stream and biomass, 4) dispersion 
and diffusion, and 5) metabolism (Ma and Burken, 2004).  Diffusion of TCE from the 
trunk and stems of a tree could also be a major pathway and has been investigated in 
several studies (Ma and Burken, 2003; Winters, 2008).  Results from these studies have 
shown that TCE does volatilize from the trunks and stems of trees as well as the leaves. 
Once a contaminant such as TCE is in a tree and transpiration is occurring, other 
fate pathways besides phytovolatilization may occur.  When a plant takes up TCE, 
metabolism can occur within the plant either by the plant itself or with the help of 
microbial endophytes living within the plant.  TCE has been shown to be dechlorinated 
by the plant tissue itself with the production of three major metabolites; trichloroethanol 
(TCEtOH), trichloroacetic acid (TCAA), and dichloroacetic acid (DCAA) (Newman et 
al., 1997, 1999).  This dehalogenation of TCE and cis-DCE has been demonstrated to 
occur in plants in several studies, including in wild-type poplars (Strand, 2004).  The 
process has been shown to occur aerobically within the trees through the oxidation of 
TCE.  Metabolites tend to be transported to and accumulated in the leaves of the tree, but 
have also been found in the stems and roots of trees exposed to TCE contaminated water 
(Gordon et al., 1998; Strand, 2004).  Metabolism may be occurring throughout the tree, 
but metabolites are transported through the transpiration stream to the leaves.  While the 
highest concentrations of these metabolites are usually seen in the leaves, they have been 
detected in all parts of the plant and in some cases have been seen in elevated 
concentrations in the roots (Orchard et al., 2000) suggesting that degradation may be 
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occurring in the roots.  Microbes within the tree and/or in the rhizosphere may also be 
able to degrade contaminants such as TCE, and this pathway is discussed in more detail 
in the next section. 
 
Endophytes 
Endophytes are defined as organisms that live within the internal tissues of a plant 
without causing symptoms of infection or negative effects to the plant (Weyens et al., 
2009).  Endophytes have been found to be ubiquitous to all plant species studied to date 
(Lodewyckx et al., 2002).  Concentrations of bacterial endophytes in plant tissues have 
been reported up to 107 CFU per gram and are likely higher due to the large number of 
bacteria and other microbes that cannot be cultured (Bacon and Hinton, 2007).  The 
quantity and diversity of microbial endophytes depends heavily on the plant species, the 
environment, and many other biotic and abiotic factors. 
The idea of using endophytes to assist with the phytoremediation of contaminated 
soil and groundwater has recently been explored in several studies (Bacon and Hinton, 
2007; Doty, 2008; Newman and Reynolds, 2005; Ryan et al., 2008; Weyens et al., 2009).  
In their review of bacterial endophytes, Bacon and Hinton (2007) highlight the benefits of 
bacterial endophytes in phytoremediation by the direct degradation of contaminants 
and/or by reducing toxicity to the plants.  They contend that endophyte-assisted 
phytoremediation is more desirable because bacteria are capable of completely degrading 
many more contaminants to non-harmful products than plants alone.  Newman and 
Reynolds (2005) also discuss the benefits of endophyte-assisted phytoremediation due to 
reduced toxicity to the plants and more complete degradation. 
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Traditionally the phytoremediation of organic contaminants such as TCE has been 
restricted by several limitations: high contaminant levels may not be tolerated by the 
plants (i.e., metal toxicity), bioavailability of contaminants may be low, and movement of 
volatile organic contaminants from the subsurface could pose an increased risk to humans 
and animals (Weyens et al., 2009).  Endophyte assisted phytoremediation has the 
potential to eliminate all of these limitations and improve the effectiveness of 
phytoremediation for organics, as well as metals and other contaminants.  Endophytic 
microorganisms capable of organic contaminant degradation may assist their host plant 
by degrading contaminants readily taken up by the plant that would not otherwise be 
degraded to completion, subsequently resulting in plant toxicity due to accumulation or 
evapotranspiration.  Plant-associated microbes in the rhizosphere may also increase the 
bioavailability and subsequent uptake of contaminants. 
Microbial endophytes may include organisms from the archaeal, bacterial, and 
eukaryotic (primarily fungi) domains of life.  These microorganisms can reside in the 
intercellular spaces between the cells of the plant or may form an intracellular 
relationship such as in the xylem tissues (Bacon and Hinton, 2007).  The endophytic 
niche provides a protected environment for microbes to grow that is rich in nutrients.  
Many endophytes have even been shown to benefit the plant by controlling pathogens, 
insects and nematodes, promoting plant establishment under adverse conditions, 
preventing disease development, and enhancing plant growth (Ryan et al., 2008).  Plant-
associated bacteria are known to exist and be of benefit to plants, but it has been only 
recently that the ubiquity and diversity of these microbial endophytes has been 
discovered and further study has begun. 
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How bacterial endophytes enter a plant is not completely understood, but it is 
likely that a variety of pathways are involved.  There are two overall theories of how 
endophytes end up living inside a plant.  Endophytes may either be passed on from the 
parent plant through the seed or they may enter from the environment as the plant grows.  
Bacterial endophytes have been shown to be present in all parts of the plant (leaf, stem, 
root, flower, fruit, and seed) and it is certainly possible that endophytes contained in a 
seed will continue to live with the plant as it grows.  Effective inoculation of seeds has 
been shown in which bacteria were added to the surface of the seed and later seen within 
the plant as an endophyte (Bacon and Hinton, 2007).  This shows that bacterial 
endophytes can grow with the plant from the seed state and that there is also a method of 
entry from the outside environment at a very early period in the life of the plant. 
While some bacterial endophytes may be passed down from the parent plant 
through the seed, the great diversity that is seen in the bacterial endophytes of a single 
plant species and even a single plant suggest that they are entering from the outside 
environment.  The methods proposed by which endophytes may enter a plant are 
primarily through the root zone from the soil where the plant is exposed to the most 
diverse community of bacteria (Weyens et al., 2009).  However, it is also possible that 
entry could occur through other parts of the plant such as the flowers, stems, or leaves. 
Some proposed entry points for endophytic microorganisms from the environment 
include the germinating radicles, secondary roots, stomata, or through foliar damage 
(Zinniel et al., 2002).  Endophytes in the surrounding environment may enter the 
germinating radicle of the tree just as the seed is first growing.  They may also enter 
through the roots of the tree from the surrounding soil and water.  Propagation of these 
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endophytes from the roots to the other parts of the plant, however, could be limited by the 
casparian strip, which protects the plant by blocking the movement of unwanted 
molecules into the upper parts of the plant.  This method of endophytic movement is not 
very well understood, but is still considered the most likely entry pathway for most 
endophytes.  Microbes may be able to grow through the tissue of the plant and once 
inside one cell could begin colonization of the plant tissue.  Endophytes could also enter a 
plant from the air through open stomata in the leaves.  And finally, endophytic 
microorganisms could enter through damage to any part of the plant and once within, 
move to other parts of the plant.  It is likely that more than one pathway is responsible for 
the presence of microbial endophytes within plants. 
Once established inside the plant, endophytic microorganisms may make use of 
any nutrients that are provided from the transpiration stream and the plant itself.  
Endophytic degradation can occur if the microbes present are capable of the degradation 
of those contaminants present within the plant.  The plant itself actually has a positive 
effect on the microbial degradation of organic contaminants in several ways.  Endophytic 
microbes are supported by a constant stream of nutrients from the soil and groundwater 
transported to the upper parts of the plant through the transpiration stream.  There are 
much higher microbial quantities and metabolic activities in the rhizosphere due to the 
presence of root exudates and cell debris coming from the plant roots.  A very diverse 
community of microorganisms is established by the plant in the rhizosphere, within the 
plant (endophytes), and in the phyllosphere (leaf and other above ground surfaces of the 
plant).  These microbial associations increase the capacity for a stepwise transformation 
of organic contaminants by a consortia of microorganisms and provide a habitat that is 
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conducive to genetic exchange and gene rearrangements (Weyens et al., 2009).  Major 
pathways for remediation are transformation by the plant and bacterial endophytes, 
sequestration by the plant, and degradation by bacterial endophytes and other plant-
associated bacteria.  All these mechanisms may occur in the roots, stems, and leaves of 
the plant. 
Significant degradation of organic contaminants such as TCE may occur in the 
soil, the rhizosphere, the plant itself, or in all of these.  However, it has been shown that 
compounds with a log Kow between 0.5 and 3.5 (TCE is approximately 2.5) may enter the 
xylem very quickly before microbes in the soil and rhizosphere have time to significantly 
degrade them (Dettenmaier, Doucette, and Bugbee, 2009; Trapp et al., 2000).  Residence 
times of contaminants in the xylem of plants have been shown to range from several 
hours up to 2 days (McCrady, McFarlane, and Lindstrom, 1987).  Endophytes that 
colonize the xylem are therefore ideally suited for the remediation of contaminants that 
reside in the vascular tissue of plants for extended periods of time. 
Both aerobic and anaerobic degradation pathways are possible within plants 
because both conditions are possible.  Oxygen enters the plant both by diffusion from the 
air and through the transpiration stream.  Concentrations of oxygen have been measured 
within the sapwood of trees ranging from ambient air concentrations of 20% by volume 
down to below 1% depending on growth conditions and stem height (Eklund, 2000).  
Anaerobic conditions in plants are less common but have been reported (Kimmerer and 
Stringer, 1988).  Low oxygen and anaerobic conditions may also be possible in portions 
of a tree that are not active or are dead and decaying. 
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As discussed in the section concerning the bioremediation of TCE, the most 
commonly used organisms for the remediation of TCE and its degradation products are 
anaerobic bacteria that degrade it by reductive dechlorination.  In this process, TCE is 
degraded to cis-DCE (preferentially) and trans-DCE, which are then degraded to vinyl 
chloride, and finally to ethylene.  This process has been shown to involve a consortium of 
bacteria including the genus Dehalococcoides and occurs in anaerobic zones of the soil 
subsurface.  It is possible that this process could occur in anaerobic micro-sites around 
the roots of plants and also within the plants themselves in anaerobic zones, but this has 
not been reported in the literature to date.  TCE and cis-DCE may also be aerobically 
degraded by bacteria and fungi through the process of cometabolic oxidation (Haggblom 
and Bossert, 2003; Yadav, Bethea, and Reddy, 2000).  This process has been shown to 
occur in aerobic zones of the soil subsurface, but it is also possible that this could occur 
within plants via bacterial and fungal endophytes.  There is, however, no evidence of this 
process occurring within plants reported in the literature to date either. 
Dehalogenation of TCE and its degradation products has been demonstrated to 
occur in plants in several studies conducted in the lab and in the field (Doty et al., 2007; 
James and Strand, 2009; Newman et al., 1997; Strand, 2004).  This process has been 
shown to occur aerobically within the trees through the oxidation of TCE and may 
involve cytochrome P450 (Abhilash, Jamil, and Singh, 2009; Dietz and Schnoor, 2001; 
Doty et al., 2000; Nelson, 2006).  Fungi could also be responsible for dehalogenation by 
this process, and this could occur within the plant as an endophyte or in the root zone and 
soil subsurface; however this has not been reported in the literature to date.  The major 
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metabolites of this oxidation, whether by the plant or by fungi, would likely include those 
previously discussed (i.e., TCAA, DCAA, and TCEtOH). 
 
Molecular Tools 
The use of molecular tools in environmental engineering has become a common 
practice.  Biological processes must often be monitored when bioremediation and 
phytoremediation strategies are used.  Traditionally, environmental processes were 
analyzed by measuring the distribution of chemical compounds and determining their 
transformation rates (Kelly, 2003).  While these methods are important in understanding 
the processes involved and have demonstrated the integral role of microorganisms in 
regulating chemical transformations, they do not provide any in depth insight into the 
contribution and complexity of the microbial community carrying out the observed 
chemical transformations.  The characterization of microbial communities has also 
historically been severely limited due to the reliance on the culturing of microorganisms.  
Traditionally, the identification of microorganisms in environmental samples was 
performed by culture-based approaches.  These approaches rely on the ability of the 
researcher to provide the proper nutrients and conditions necessary for microbes to grow.  
The biggest problem with this approach is that only a very small percentage of the 
organisms present in most environmental samples can be successfully cultured.  It has 
been estimated that only 0.1-1.0% of the total bacterial diversity in a sample may be 
accounted for when using these traditional culture-based approaches (Torsvik, Sorheim, 
and Goksoyr, 1996).  Many bacteria require very specific concentrations of nutrients, 
environmental conditions, or companion organisms in order to thrive.  The great diversity 
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of bacteria in the environment is partly due to their ability to grow in a niche that is often 
difficult or impossible to replicate in a laboratory setting.  Another problem with culture-
based approaches is the extreme bias that is associated with those microbes that can be 
cultured.  The less than 1% of bacteria that can be cultured are by no means 
representative of the bacterial community as a whole. 
The identification of microorganisms using DNA based molecular tools has 
drastically changed the field of microbiology.  By reducing the reliance on culturing, this 
technology has allowed researchers to identify and quantify microorganisms that were 
otherwise missed, and drastically increases the percentage of bacteria and other 
microorganisms that can be studied in an environmental sample.  PCR methods that 
target all or part of the16S rRNA gene can theoretically amplify the target from nearly 
100% of the bacterial DNA present in a sample.  These methods also allow for the 
detection of other microorganisms, like archaea and fungi, that are often even more 
difficult than bacteria to culture.  However, the coverage achieved by these techniques 
depends greatly on the primers that are developed.  It has been shown that many common 
“universal” bacterial primers have a perfect sequence match anywhere from 5-74% of 
known bacterial 16S rRNA sequences depending on the primer set (Horz et al., 2005).  
Therefore, proper primer selection is very important when using molecular based 
methods involving PCR. 
The 16S rRNA gene has quickly become the standard for phylogenetic analysis of 
bacteria.  This gene is necessary in the manufacturing of proteins and is present in all 
bacteria and archaea.  In addition to this, the 16S gene has the advantage of containing 
both highly conserved and highly variable regions within the DNA sequence.  These 
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attributes of the gene allow for PCR primers to be developed to amplify this gene that can 
be as general as all bacteria and as specific as a single genus of interest.  In many cases 
species and sometimes even strain level variations can be differentiated in the 16S rRNA 
sequence (Elsas, Trevors, and Wellington, 1997).  Another advantage of this gene target 
is the ever-growing database of known bacterial sequences that are available for 
comparison.  This database provides a powerful tool when 16S rRNA sequences in an 
environmental sample are determined.   
Analysis of functional genes has also become a common tool when the bacteria of 
interest are associated with a specific function (i.e., methanogenesis, denitrification, 
dehalogenation, etc.).  If the gene or genes necessary for a specific process are identified 
then primers can be developed that amplify that functional gene.  Functional genes tend 
to be much less variable in their sequence than the 16S rRNA gene but have the 
advantage that their presence and concentration can be related to a specific process or 
function of the microorganism under investigation. 
There are many molecular methods that take advantage of the amplification of 
these different genes to determine the quantity and diversity of bacteria in environmental 
samples.  A few of the more recent culture-independent molecular methods for the 
characterization of microbial communities include quantitative real-time polymerase 
chain reaction (qPCR), cloning and sequencing, denaturing gradient gel electrophoresis 
(DGGE), temperature gradient gel electrophoresis (TGGE), single strand conformation 
polymorphism (SSCP), terminal restriction fragment length polymorphism (T-RFLP), 
and ribosomal intergenic spacer analysis (RISA) (Lynch et al., 2004). 
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Molecular tools involving the amplification of DNA by PCR have revolutionized 
the way the quantity and diversity of microorganisms are determined in the environment.  
Both 16S rRNA and functional gene based amplification can be useful in characterizing 
the microbial community present in an environmental sample.  The following sections 
highlight in detail those molecular tools that were used in this study. 
 
Polymerase chain reaction (PCR) 
 
PCR has quickly become one of the most widely used and fundamental tools in 
molecular biology.  It allows for the logarithmic amplification of specific DNA 
sequences within longer double-stranded DNA molecules.  Four main ingredients are 
required for the PCR reaction:  1) template DNA extracted from a culture or 
environmental sample, 2) primers that target a specific region of DNA on the template, 3) 
nucleotides that are used to build new DNA, and 4) the Taq polymerase enzyme that 
actually synthesizes the new DNA strands.  This mixture then goes through cycles of 
heating and cooling in the PCR instrument.  An initial heating to approximately 95 oC is 
called the denaturation step, which melts or separates the strands of template DNA.  The 
temperature is then lowered in the annealing step, where primers bind to the separated 
DNA strands based on their complementary sequence.  This annealing temperature varies 
based on the primers used and other conditions of the PCR reaction.  The extension or 
elongation step is then performed by raising the temperature to approximately 72 oC.  
This allows for the Taq polymerase to build new DNA strands onto where the primers 
have annealed using the free nucleotides in solution.  These steps (denaturation, 
annealing, and elongation) are then repeated 20-40 times with a doubling in the template 
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DNA target region after every cycle.  Times, temperatures, cycle numbers, and 
concentrations of the PCR ingredients must all be optimized based on the primers, 
template, and other factors of the PCR reaction being used. 
PCR has been widely used in bioremediation as a tool to track the presence of 
microorganisms and genes that known to be important in the degradation of contaminants 
such as TCE.  Several primer sets targeting 16S rRNA genes have been designed to 
identify groups of dechlorinating bacteria, such as Desulfuromonas michiganensis (Zhou, 
2007),  Dehalococcoides ssp. (Major et al., 2002), Geobacter (Cummings et al., 2003), 
and Shewanella (Snoeyenbos-West et al., 2000).  Primer sets targeting functional genes 
have also been designed to identify genes encoding enzymes involved in dechlorination, 
such as bvcA, tceA, and vcrA (Lee et al., 2008; Magnuson et al., 2000; Muller et al., 2004; 
Ritalahti et al., 2006), as well as other competitive electron accepting processes such as 
the dissimilatory sulfate reductase gene dsrA (Karr et al., 2005). 
Although conventional PCR is able to detect the presence or absence of targeted 
microorganisms and their genes, it is only semi-quantitative.  Therefore, it does not 
provide accurate information regarding the total number of organisms or functional genes 
of interest present in a sample.  Quantitative real-time PCR (qPCR) is a quantitative 
molecular tool with improved accuracy and sensitivity.  The qPCR approach is based on 
the detection and quantitation of a fluorescent reporter that gives off a signal when bound 
to DNA.  This fluorescent signal increases in direct proportion to the amount of DNA in 
the reaction as the PCR process proceeds.  By recording the intensity of fluorescence 
after each PCR cycle, it is possible to monitor the PCR reaction during the exponential 
phase of template DNA amplification.  The first significant increase in the amount of 
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DNA amplified then correlates to the initial amount of target DNA in the unknown 
sample based on a standard curve that is generated with known quantities of the gene of 
interest.  The use of qPCR has become especially important in the bioremediation of 
TCE, where the quantity of desired microorganisms and functional genes can give 
important information on the potential degradation at a contaminated site. 
 
Cloning and sequencing 
 
The development of clone libraries is a method to identify the diversity of the 
microbial community in an environmental sample.  PCR is used to amplify all the 
targeted genes in a sample and the cloning and sequencing of these genes allows for a 
phylogenetic inventory of the microbial community to be developed.  These phylogenetic 
inventories can be produced for all prokaryotes within the microbial community by 
amplification with universal primers designed to amplify all of the 16S rRNA genes 
within a sample (Borneman et al., 1996), or they can be produced for a specific 
phylogenetic group using primers designed to amplify genes of only that group (Kelly, 
2003).  Cloning and sequencing has allowed for much greater diversity in the 
environmental microbial community to be revealed than could be detected by classic 
culture-based studies, and has thus significantly increased the understanding of 
environmental microbial diversity (Becker et al., 2000).  However, these clone libraries 
are extremely time consuming to produce and are always incomplete as it is not practical 
to sequence every amplicon produced from the amplification of an environmental sample 
(Tiedje et al., 1999).  For example, many bacteria in a soil sample may be present at 
quantities several orders of magnitude lower than other bacteria, and would therefore 
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require thousands or even millions of clones to be sequenced in order to be seen in the 
diversity of that sample.  It is due to these difficulties that the following method discussed 
is the primary molecular tool for the analysis of microbial diversity used in this study. 
 
Automated ribosomal intergenic 
spacer analysis (ARISA) 
 
ARISA is a method of microbial community analysis which provides an 
estimation of microbial diversity and community composition without the bias imposed 
by culture-based approaches or the labor and expense involved with 16S rRNA gene 
clone library construction (Fisher and Triplett, 1999).  This method has been successfully 
used to evaluate the microbial diversity of both bacteria and fungi in environmental 
samples (Ranjard et al., 2001).  Methods for both bacterial and fungal DNA involve PCR 
amplification of DNA segments that have high heterogeneity in nucleotide length.  
Primers designed for bacterial ARISA exploit the length variability of the intergenic 
spacer region between the small (16S) and large (23S) subunit rRNA genes of the 
bacterial genome.  Primers designed for fungal ARISA target the length polymorphism of 
the nuclear ribosomal DNA region that contains two internally transcribed spacer regions 
(ITS1 and ITS2) and the 5.8S rRNA gene (Ranjard et al., 2001). 
Primers are labeled with a fluorescent dye and target conserved segments within 
the 16S-23S region for bacteria and the ITS1-5.8S-ITS2 region for fungi.  Included in 
these regions is significant heterogeneity in both length and nucleotide sequence.  
Lengths range from approximately 200 to 1200 base pair, and this variation is then used 
to differentiate between microbial species and even strains in some cases (Fisher and 
Triplett, 1999).  After amplification, PCR products are then separated using an automated 
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capillary electrophoresis system with laser detection of fluorescent DNA fragments.  
ARISA provides a community-specific profile, with each peak ideally corresponding to 
one kind of organism in the original environmental sample.  ARISA has been 
successfully used to determine the microbial diversity of both bacteria and fungi in 
marine, freshwater, and soil environments (Brown et al., 2005; Fisher and Triplett, 1999; 
Kennedy, Edwards, and Clipson, 2005; Ranjard et al., 2001). 
The 16S rRNA gene is a relatively conserved region of the bacterial genome, and 
consequently, ecologically significant diversity may be beyond the resolution of 16S 
discrimination (Brown et al., 2005).  Molecular tools based exclusively on 16S rRNA 
sequences therefore have inherent disadvantages when characterizing microbial diversity.  
Considering the significant heterogeneity, intergenic transcribed spacer sequence analysis 
using methods such as ARISA provides much finer scale taxonomic resolution and 
increases coverage of diversity over 16S rRNA based molecular methods such as cloning 
and sequencing or traditional approaches such as culture-based analysis (Schloter et al., 
2000). 
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MATERIALS AND METHODS 
Experimental Design 
To test the hypothesis that the endophytic microbial community in poplar trees 
will change in response to TCE exposure, it was determined that a greenhouse study 
would need to be performed.  Due to the variability seen in the endophytic community 
from preliminary work done, control of variability and replication of trees grown in the 
greenhouse was a priority.  Hybrid poplar cuttings were collected from a single fully-
grown hybrid poplar tree at Utah State University’s Evans Research Farm in Millville, 
UT.  All hybrid poplars grown at this site are of the genetically identical strain OP-367 
and by collecting all cuttings from the same tree any genetic variation was further 
limited.  About 25 cuttings approximately 1 meter long were collected in April of 2008 
from new growth.  Several cuttings were also collected from two poplar trees growing 
over TCE contaminated groundwater at HAFB OU2 in Ogden, UT.  Poplar 1 is a small 
tree growing in the seep area of OU2 and is exposed to high levels of TCE (10+ mg/L), 
while Poplar 3 is a large tree growing below the canal exposed to more moderate TCE 
concentrations (1-10 mg/L) (James, 2003).  A satellite photo of the OU2 area (Europa 
Technologies, 2009) with an overlaid TCE plume map (James, 2003) and all groundwater 
monitoring points and trees mentioned in this study is shown in Figure 1.  All collected 
cuttings were stored in a walk-in refrigerator at 4 oC until ready for planting. 
Eighteen hybrid poplar cuttings were potted on May 13, 2008, each in single pots, 
while five cuttings from each of the two sampled poplars at OU2 were potted into a 
single pot each (20 pots total).  Three gallon black plastic pots were filled with potting 
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Figure 1. OU2 plume map with groundwater well and tree locations. 
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media mixed with fertilizer to provide nutrients for the trees during growth.  The potting 
media consisted of 60% peat and 40% vermiculite by volume.  Fertilizer used was 
Osmocote Plus 15-9-12, which consists of 15% total nitrogen, 9% available phosphate, 
and 12% soluble potash as well as many other nutrients at a lower concentration.  This 
fertilizer is designed to provide nutrients through slow release for 3 to 4 months.  Pots 
were filled to the top with potting media then 20 g of fertilizer were mixed in by hand.  
Hybrid poplar cuttings were cut to approximately 30 cm in length and rooting ends were 
pushed into the potting media to a depth of approximately 5 cm from the bottom of the 
pots.  Potting media was then soaked and allowed to drain several times to ensure that all 
media was completely wetted.  Pots were then placed in the greenhouse at a cool daytime 
temperature of 20 oC and a nighttime temperature of 15 oC to encourage root growth.  
Pots were soaked with tap water three times per week by hand.  Figure 2 shows the 
hybrid poplar cuttings just after potting was completed. 
 
Hybrid Poplar Growth 
Leaves began to appear on the hybrid poplars after 1 week of growth.  After 3 
weeks of growth under these conditions, half of the hybrid poplars were then transplanted 
into pots containing surface soil collected from OU2 at HAFB mixed with sand at a 50% 
volume in order to increase the porosity and water draining capabilities of the soil.  Great 
care was taken in removing trees from the potting media to keep from breaking off roots 
that had been established.  Trees were then carefully repotted in OU2 soil mixed with 
new fertilizer.  Greenhouse conditions remained the same in order to reestablish root 
growth in these transplanted trees. 
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Figure 2. Hybrid poplar cuttings just after potting. 
 
 
After 2 more weeks of growth, in which time the transplanted trees had overcome 
the initial shock of transplantation and begun to grow again, TCE treatment was started. 
Hybrid poplars were divided into two groups of eight trees.  The first group was grown in 
peat media and used tap water for growth (PEAT).  The second group was grown in OU2 
soil media and used OU2 groundwater collected from the site for growth (SOIL).  Within 
each of these two groups, four of the trees also had their water source spiked with TCE to 
a concentration of 10 mg/L.  This experimental setup is shown in Figure 3.  Each set of 
four trees had a 15-gallon plastic bin holding its water with an inline pump on a timer 
controlling water flow.  Water was fed from each bin through 1-in irrigation tubing that  
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Figure 3. Hybrid poplar study design matrix. 
 
 
split off into ¼-in tubing to each of four trees.  Flow controlling drippers (Raindrip ½ 
GPH drippers) were used at the end of each tube to further control the flow of water, and 
drippers were buried approximately 15 cm into the media to minimize volatilization of 
TCE before reaching the tree roots.  The temperature in the greenhouse was raised to 25 
oC during the day and 20 oC at night to promote leaf growth and transpiration.  Pumps 
automatically turned on four times a day (6 am, 10 am, 2 pm, and 6 pm) for an initial 
duration of 10 minutes.  This corresponded to about 0.5 L of water per tree per day.  
Figure 4 shows the hybrid poplar trees just after being connected to the dripper watering 
apparatus. 
After initially spiking water in bins with TCE each time they needed to be filled, 
it was quickly determined that due to losses (likely through volatilization to the air and 
sorption to plastic components), increased TCE spiking was required.  TCE was then 
spiked once per week and concentrations were measured in the bins as well as at the ends 
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Figure 4. Hybrid poplar trees connected to the dripper watering apparatus. 
 
 
of the drippers.  It was determined that the difference in concentration between the bins 
and that of the drippers was very small once the lines had been cleared out with new 
water, which only took a few minutes.  Concentrations in the bins and at the drippers 
steadily decreased over time from 10 mg/L after spiking to less than 1 mg/L after 4 to 5 
days.  It was then determined that spiking needed to occur more often, and a schedule of 
three times per week (Monday morning, Wednesday midday, and Friday evening) was 
implemented.  Reservoirs were topped off with tap or groundwater before each spiking 
and concentration measurements continued to be taken.  An example of TCE 
concentrations in the bins measured by GC/MS headspace analysis over time is shown in 
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Figure 5.  Concentrations varied in the reservoirs from 9 mg/L to 2 mg/L depending on 
the length of time since the last spike, but the average concentration of TCE experienced 
by the spiked trees was 5 mg/L.  Groundwater collected from OU2 (monitoring well U2-
080) contained TCE (20-30 µg/L) and cis-DCE (2-3 µg/L), as measured by samples taken 
from the bins after OU2 groundwater was added.  Unspiked tap water concentrations 
were always below detection. 
As the trees grew, the duration of watering was increased at a 1 to 2 week interval 
in order to keep up with transpiration demands.  Drippers were also changed out with a 
higher flow model (1 GPH).  After several more months of growth, each tree was 
transpiring approximately 2 L of water per day. 
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Figure 5. TCE concentrations in dosed water reservoirs over time. 
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Trees grown from cuttings at OU2 were treated somewhat differently than the 
hybrid poplars.  These cuttings started out much smaller and growth was much slower for 
these trees. These trees were not transplanted into separate pots until over a month after 
potting them.  Four trees from each of the two OU2 poplars were chosen for 
transplantation into new potting media mixed with fertilizer.  Watering of these trees 
continued by hand soaking the soil with tap water.  Within the course of this study, only 
three trees from the OU2 Poplar 1 cuttings and one tree from the OU2 Poplar 3 cuttings 
were used due to poor growth of the other trees.  Two hybrid poplar trees were also 
grown as extra trees to test sampling and harvesting methods before implementing these 
procedures with the main study trees.  One of these trees was transplanted into new 
potting media with fertilizer in order to determine the long-term effects of transplantation 
when all other conditions are the same.  These trees were also watered by hand 
throughout the duration of the study. 
 
Sampling 
Sampling of hybrid poplar and OU2 trees grown in the greenhouse consisted of 
sacrificing the trees in order to collect samples from the media, roots, stems, and leaves.  
Sampling of trees in the field at OU2 consisted of collecting tree cores and leaf samples 
without causing any permanent harm to the trees.  Sterile sampling instruments and 
containers (autoclave and/or ethanol disinfection) were used throughout the study to 
minimize the introduction of outside microorganisms and the cross-contamination of 
samples. 
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Greenhouse trees 
 
Greenhouse hybrid poplar and OU2 trees were sampled after 6 months of growth 
(5 months of TCE treatment) in November of 2008.  Figure 6 shows the hybrid poplar 
trees just before they were sampled.  Each tree was photographed and measurements of 
height and trunk circumference were taken before sampling.  All leaves were then 
collected and counted using a sterilized pair of clippers or pulling them off by hand with 
sterile gloves and placing them in sterile plastic bags.  Leaves were mixed and 10 leaves 
were randomly chosen to measure weight and surface area.  These leaves were discarded 
and the remaining leaves were divided into three sterile glass containers with screw-top  
 
 
 
Figure 6. Hybrid poplar trees prior to sampling. 
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lids.  A single leaf or several small leaves from each of these three containers were then 
added to a 20 mL sterile glass vial containing 10 mL of matrix modifying solution 
(MMS) and were crimped shut for later TCE analysis.  The MMS was made by saturating 
deionized distilled water (DDW) with sodium chloride then adding phosphoric acid to a 
pH of 2 (EPA SW-846, Method 5021). 
Stem samples were then collected by removing all branches from the tree and 
cutting the tree off just above the media surface with sterile clippers.  The bottom portion 
(~60 cm) of the trunk was then cut into smaller sections (~5 cm in length) and divided 
into three sterile glass containers with screw-top lids.  A single stem section from each 
container was then further cut in half or quartered and added to vials containing MMS, 
which were immediately sealed.  Further cutting was necessary to fit the stem sections 
into the vials.  Additional stem samples were also taken from the middle and upper 
portions of the PEAT set of four trees that were treated with TCE.  Media samples were 
then collected using a sterile garden hand trowel to remove three scoops out of each pot.  
The sampled soil, minus as many roots as possible, was then placed into three sterile 
glass containers with screw-top lids.  Several grams from each of these three containers 
were then added to vials containing MMS, which were immediately crimped shut.  The 
tree stump was then removed from the pot and as much media was removed as possible 
from the tree roots by shaking and brushing off excess material.  Further washing or 
rinsing was not performed because analysis of surface microorganisms was desired in 
these samples.  Roots were then clipped off and cut into small (~5 cm in length) sections 
using sterile clippers.  These root sections were then divided into three sterile glass 
containers with screw-top lids.  Several root sections were then removed from each of the 
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three containers and added to sterile glass headspace vials containing MMS, which were 
immediately crimped shut. 
This process was repeated for each of the 16 hybrid poplar trees as well as the 
four SOIL trees, resulting in 12 samples in glass screw-top containers and 12 samples in 
glass headspace vials from each tree.  Each set of 12 then contained triplicate samples of 
the media, roots, stems, and leaves of each tree.  All samples were transported in a cooler 
on ice to the UWRL and once back at the Lab, samples in glass screw-top containers 
were immediately frozen while samples in glass headspace vials containing MMS were 
refrigerated upside down to prevent diffusion of dissolved contaminants through the 
rubber silicon septa to the air.  TCE analysis was then performed on these refrigerated 
samples within 2 weeks of collection. 
Additional samples collected from the greenhouse study included:  water samples 
from all four reservoirs collected in sterile plastic 1 L screw cap containers, leaf samples 
from the leaf litter collected in glass screw-top containers, and original samples of both 
potting media and OU2 soil collected in plastic screw-top vials.  Water samples were 
stored in a walk-in refrigerator, and all other samples were frozen until further processing 
or analysis could be performed. 
 
OU2 field trees 
 
Samples of trees in the field at OU2 were collected very differently from the 
greenhouse trees in order to preserve those trees at the site.  In addition to the two poplar 
trees previously mentioned, five willows at the site were also sampled.  Samples of tree 
trunks were taken using a ½-in increment borer screwed directly into the trunk of each 
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tree several feet above the ground.  The resulting core was about 1 cm in diameter and 
approximately 10 cm in length.  Antibiotic ointment was put inside the borehole in the 
trunk to prevent infection of the tree, and the hole was then sealed using silicone.  Two 
tree-core samples were taken from each tree. One core was placed into a sterile glass 
screw-top vial, while the other core was added to a sterile glass vial containing MMS and 
immediately crimped shut.  The two cores were taken as close to each other as possible in 
order to ensure the highest similarity between the two samples.  Prior to sampling, the 
outer layer of bark was shaved off the tree using a sterile chisel to eliminate the 
introduction of microorganisms from the outside of the tree into the tree-core sample.  
Sampling instruments and the outside of the tree were sprayed with an ethanol-based 
disinfectant (Lysol Disinfectant Spray) to further eliminate outside contamination.  The 
inside of the corer was additionally rinsed with a methanol solution followed by distilled 
water to rinse away any residual TCE or TCE degradation products between samples.  
All samples were stored in a cooler on ice for transportation back to the UWRL.  Samples 
in screw-top vials were then stored in a walk-in cooler until further processing, while 
samples in the vials containing MMS were stored upside down in a refrigerator and 
analyzed for TCE within 2 weeks of collection. 
Leaf samples were also collected from trees at OU2.  Leaves were removed from 
each tree using sterile clippers and placed in a sterile glass screw-top container.  Figure 7 
shows all trees that were sampled at OU2.  Additional samples collected from OU2 
included groundwater from four different wells including the well used for collection of 
water for the trees grown in the greenhouse with OU2 groundwater.  Groundwater was 
collected using a plastic bailer that was lowered into the monitoring well.  Several  
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Figure 7. Trees sampled at OU2 with close-ups of leaves inset. 
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volumes of groundwater were discarded in order to rinse the bailer before each new well 
was sampled, and groundwater samples were stored in 1 L plastic screw-top containers as 
well as smaller glass headspace vials that were immediately crimped shut.  All samples 
were transported to the lab in a cooler on ice and stored in a walk-in refrigerator until 
further analysis could be performed.  Groundwater used to water the SOIL trees in the 
greenhouse was also collected with a plastic bailer from well U2-080 and transported 
back to the lab in two large plastic 25 L jugs. 
 
TCE Analysis 
All samples collected in glass headspace vials containing MMS and stored in the 
refrigerator were analyzed for concentrations of TCE and its degradation products (cis-
DCE, trans-DCE, and VC) within 2 weeks of collection.  Before collection, sterile glass 
20 mL headspace vials (Kimble Glass) were filled with 10 mL of MMS and caps were 
taped to the top to prevent contamination.  The MMS brings TCE and degradation 
products from plant samples into solution, which then equilibrate with the headspace in 
the vial.  Vials containing MMS were pre-weighed with caps so sample weight could 
later be determined by difference.  The MMS and vials were prepared the same day of 
sampling and were transported on ice in a cooler.  Groundwater samples contained no 
MMS, but were prepared by simply adding 10 mL of groundwater to an empty sterile 
glass headspace vial at the time of sampling and immediately crimping shut the vial lid to 
seal it. 
To determine TCE and degradation product concentrations within collected plant 
tissue and groundwater samples a headspace gas chromatography mass spectrometry 
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(GC/MS) method was used.  Two mL headspace samples were introduced into a Hewlett-
Packard 6890 GC/5973 MS (running EnviroQuant, Chemstation G1701AA version 
D.03.00 data acquisition and analysis software) using a Tekmar 7000HT Headspace 
Analyzer/Autosampler.  The autosampler platen/sample temperature was set to 80 ºC.  
Samples were allowed to equilibrate for 10 minutes, and the transfer line and sample loop 
temperatures were 180 ºC.  Chromatographic conditions were as follows:  DB-624, 30 m 
x 0.25 mm, 1.4 µm film thickness column (J&W Scientific); helium carrier gas at 0.7 
mL/min (3.52 psi); temperature program 35 ºC for 2 min to 170 ºC at 30 ºC/min, then 170 
to 230 ºC at 70 ºC/min with a 1 min hold at the final temperature (total run time = 8.36 
min); split/splitless inlet vent flow 10.4 mL/min; and split ratio of 2:1. The GC/MS was 
operated in SIM mode (m/z 60, 95, and 130) for quantitation of TCE, cis-DCE, trans-
DCE, and vinyl chloride. 
Concentrations of TCE and its anaerobic degradation products (DCE and VC) in 
the plant tissue and groundwater samples were then determined indirectly from 
headspace concentrations.  A minimum of five different external standards (minimum of 
five different concentrations), made by spiking known amounts of a commercial standard 
(Supelco) into MMS, were used to define the relationship between the headspace and 
MMS concentrations.  Standards were made directly in headspace vials prior to 
calibration.  Calibration verification standards and instrument blanks were placed at the 
beginning and end of each run, as well as after every 10 samples, to ensure the instrument 
was within calibration throughout the sample analysis period. 
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Metabolite Analysis 
Metabolite analysis was performed on all tissue samples collected from the hybrid 
poplar study.  GC/MS was also used for this analysis; however the instrument was set up 
in chemical ionization (CI) mode in order to count the chlorine ions associated with each 
different metabolite.  Metabolites of interest included MCAA (monochloroacetic acid), 
DCAA, TCAA, and TCEtOH.  This extraction method is similar to the method reported 
by Newman et al. (1997) with several modifications to increase extraction efficiency 
from the plant tissue. 
Frozen plant tissue collected during sampling was first ground using a small 
stainless steel coffee grinder/food processor.  A total of 5.0 g of plant tissue were then 
added to 50 mL of basic distilled water (adjusted to pH 10-11 using sodium hydroxide).  
This mixture was sonicated using a Misonix Sonicator XL2020 Ultrasonic Liquid 
Processor (Misonix Inc.) with a ½ in. probe on setting 10 for 1 min.  This solution was 
then centrifuged at 7,000 rpm for 15 min to remove solids.  The supernatant was removed 
and solids were added to another 50 mL of basic distilled water followed by sonication 
and centrifugation.  Solids were processed in this way three times collecting the 
supernatant each time.  Ten mL of sulfuric acid were then added to the supernatant to 
reduce the pH to between 0.5 and 1.0.  Thirty g of sodium sulfate were added to this 
solution and dissolved by shaking and/or heating.  Metabolites were then extracted into 
15 mL of methyl tert-butyl ether (MTBE) by thoroughly mixing and then pipetting off the 
top MTBE layer.  This was repeated three times in order to increase the efficiency of the 
extraction.  MTBE was then dried in a column containing sodium sulfate, which was 
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rinsed with several more 5 mL volumes of MTBE.  This MTBE was then evaporated to a 
volume of 5 mL using a TurboVap II Evaporation System (Caliper Life Sciences Inc.), 
and 2.0 mL of 10% sulfuric acid in methanol were added to the MTBE, which was then 
heated to 50 oC in a water-bath for 1 hr.  After heating, 4.0 mL of concentrated sodium 
carbonate were added and the top MTBE layer was again removed by pipette.  Two 
additional 5 mL volumes of MTBE were also added for a total of three extractions.  The 
collected MTBE was then dried in another sodium sulfate column and evaporated to a 
volume of 1 mL.  This final 1 mL volume of MTBE was then placed into a 2 mL GC vial 
(Fisher Scientific International, Inc.).  Vials were stored in a refrigerator until GC/MS 
analysis could be performed. 
After the extractions were complete, a GC/MS method was used to determine the 
concentrations of TCAA, DCAA, and TCEtOH in the processed sample.  A 1-µL sample 
in MTBE was introduced into an Agilent 6890 GC/5973 MS (running EnviroQuant, 
Chemstation G1701AA version D.03.00 data acquisition and analysis software) using an 
Agilent 7683 Series Injector.  The analyses were performed in SIM mode (m/z 60, 95, 
and 130), and chromatographic conditions were as follows: column-DB-624, 30 m x 0.25 
mm, 1.4 µm film thickness column (J&W 41 Scientific), helium carrier gas at 0.6 
mL/min (3.52 psi), inlet temperature 200 ºC, temperature program 35 ºC for 2 min to 225 
ºC at 10 ºC/min with a 2 min hold at the final temperature (total run time = 23 min), set in 
splitless mode with purge flow of 20 mL/min for 2 min, MS quad temperature is 150 ºC 
and MS source temperature is 230 ºC.  Appropriate calibration verification standards and 
instrument blanks were again placed at the beginning and end of each run, as well as after 
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every 10 samples to ensure the instrument was within calibration throughout the sample 
analysis period. 
 
DNA Extraction 
DNA extraction was performed on all tissue and water samples collected.  Before 
extraction of DNA could begin, all plant tissue samples were ground in a small stainless 
steel coffee grinder/food processor (SG-10, Cuisinart).  The blade, cup, and lid were 
thoroughly rinsed with distilled deionized (DDW) water and wiped dry between each 
sample with Kimwipes to reduce contamination.  Approximately 1 min of grinding was 
sufficient for most samples with an additional minute used for particularly tough woody 
samples.  Figure 8 shows the different types of plant tissue and media after grinding 
(leaves, stems, roots, and media from right to left).  Ground samples were then frozen 
once more before further extraction.  Water samples were filtered with a 0.22 µm 
Sterivex filter (SVGP010, Millipore).  Between 100-1000 mL of each sample were 
filtered depending on the solids concentration.  The filter paper was then removed from 
the filter housing and cut into small pieces using sterilized scissors.  These filter pieces  
 
 
 
Figure 8. Macerated plant tissue and media samples. 
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containing the filtered solids were then extracted in the same way plant tissue or other 
samples were. 
A variety of DNA extraction protocols and extraction kits are commercially 
available, however, none of them work equally well with all sample materials (Loffler et 
al., 2005).  In particular, environmental samples may contain compounds, such as humic 
acids, that interfere with subsequent PCR amplification (Hurt et al., 2001).  The specific 
DNA extraction protocol used on environmental samples needs to be optimized in terms 
of the physical and chemical properties of individual samples.  From preliminary testing, 
it was determined that the optimum method for extracting DNA from plant tissue samples 
(based on purity, quantity, and diversity of DNA extracted) was to use the MoBio 
PowerPlant DNA Isolation Kit followed by the MoBio PowerClean DNA Clean-Up Kit 
(#13200 and #12877, respectively).  These extraction kits were also used on soil and 
filtered water samples in this study to reduce any bias that could be introduced by using 
different extraction methods for different environmental sample types. 
To begin DNA extraction, 0.05 g of each plant tissue sample was weighed for use 
in the Mo-Bio PowerPlant DNA extraction kit.  Samples were added to a 2 mL bead tube 
containing stainless steel beads along with a buffer for rapid homogenization.  Cell lysis 
and DNA release occurred by both mechanical and chemical methods in this step.  
Released genomic DNA was first precipitated with isopropanol and then captured on a 
silica membrane in a spin column.  DNA was washed with ethanol and finally eluted 
from the membrane with a buffer solution.  The complete detailed protocol may be 
obtained from MoBio (Protocol #13200).  Soil and other solid samples were extracted in 
the same manner using 0.05 g of material, while water samples were extracted by adding 
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all the filter paper containing filtered solids from a single Sterivex filter.  All extracted 
DNA was stored in a freezer at -70 oC until secondary extractions could be performed. 
Preliminary testing also showed that after a single DNA extraction inhibitory 
factors remained that could potentially cause problems with downstream analysis, and 
further DNA clean-up was needed.  To further purify the extracted DNA and remove any 
PCR inhibiting factors, the MoBio PowerClean DNA Clean-Up Kit was used.  Previously 
extracted DNA was first diluted then several solutions were added to precipitate any 
remaining PCR inhibitors such as humic acids and polyphenols.  DNA was once again 
precipitated and captured on a silica membrane in a spin column, washed with ethanol, 
and eluted with a buffer solution.  This complete detailed protocol may also be obtained 
from MoBio (Protocol #12877).  Resulting DNA was dissolved in 50 µL of buffer 
solution and was stored in a freezer at -70 oC until further analyses could be performed. 
Total DNA concentration analysis of all extracted samples was performed by 
spectroscopy using nucleic acid analysis on a NanoDrop 1000 Spectrophotometer (ND-
1000, Thermo Scientific).  Two µL of each sample were analyzed, and total DNA 
concentration was determined in units of ng/µL.  The complete detailed protocol may be 
obtained from NanoDrop (V3.7 User’s Manual). 
 
Polymerase Chain Reaction (PCR) 
PCR and qPCR methods were used to amplify certain segments of the genomic 
DNA extracted from plant tissue and other samples to determine the presence/absence of 
certain endophytic and other plant-associated microorganisms, as well as their quantity 
and diversity.  Amplification of arbuscular mycorrhizal fungi (AMF) was also performed 
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with qPCR using primers targeting the 18S rRNA gene of these organisms (Helgason et 
al., 1998).  Quantities of archaea (Horn et al., 2003), bacteria, and fungi (Borneman and 
Hartin, 2000) were determined for each sample using broad-range qPCR primers that 
amplify the 16S rRNA gene for Archaea and Bacteria and the 18S rRNA gene for Fungi.  
Standard PCR was also used to amplify bacterial (Cardinale et al., 2004) and fungal 
(Sequerra et al., 1997) internally transcribed spacer regions (ITS) for subsequent ARISA 
analysis.  For bacteria, primers amplifying the 16S to 23S ITS region were used, while 
primers amplifying the ITS1-5.8S-ITS2 region were used for fungi.  All primers used in 
this study are shown in Table 2. 
Universal bacterial primers shown in Table 2 were developed at the Utah Water 
Research Laboratory by Dr. Subathra Muruganandam.  This primer set was optimized to 
amplify all bacteria, especially those bacteria that have been identified as important in 
 
Table 2. PCR and qPCR primers used in this study. Size is shown in nucleotide base pair 
and Ta represents annealing temperature 
 
Target Size (bp) Name Sequence (5' to 3') 
Ta 
(oC) Reference 
Archaea 552 
ARC344 ACGGGGCGCAGCAGGCGCGA 
56 Horn et al. 2003 ARC915 GTGCTCCCCCGCCAATTCCT 
Bacteria 194 
EUB341F CCTACGGGAGGCAGCAG 
57 This Study EUB534R ATTACCGCGGCTGCTGG 
Fungi 422 
FUN817 TTAGCATGGAATAATRRAATAGGA 
56 Borneman 
et al. 2000 FUN1196 TCTGGACCTGGTGAGTTTCC 
Mycorrhizal 
Fungi 450 
AM1 GTTTCCCGTAAGGCGCCGAA 
58 Helgason 
et al. 1998 NS31 TTGGAGGGCAAGTCTGGTGCC 
ARISA 
Bacteria ~ 
ITSF GTCGTAACAAGGTAGCCGTA 
55 Cardinale 
et al. 2004 ITSReub GCCAAGGCATCCACC 
ARISA 
Fungi ~ 
2234C GTTTCCGTAGGTGAACCTGC 
50 Sequerra 
et al. 1997 3126T ATATGCTTAAGTTCAGCGGGT 
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TCE degradation (i.e., Dehalococcoides), which are missed by many reported universal 
primer sets.  Ta denotes the annealing temperature that was used for each primer set, 
while other PCR conditions are discussed in the following sections.  The product size 
shown in this table represents the entire amplicon length in nucleotide base pair (bp), 
including the primers shown.  The product size for bacterial and fungal ARISA primers 
varies from 100 to 1200 bp in length. 
 
Standard PCR 
 
For Standard PCR, the Thermo Px2 Thermal Cycler (HBPX2110, Thermo 
Scientific) was used.  Main ingredients of each reaction included 2X PCR Master Mix 
(#K0171, Fermentas), primers (Table 2), extracted genomic DNA, and autoclaved/filter 
sterilized DDW.  The 2X PCR Master Mix used contains 0.05 units/µL Taq DNA 
Polymerase in reaction buffer, 4 mM MgCl2, 0.4 mM dATP, 0.4 mM dCTP, 0.4 mM 
dGTP and 0.4 mM dTTP.  For each reaction 2.0 µL of extracted genomic DNA, 1.0 µL of 
both forward and reverse primers (500 nM reaction concentration), and 9.5 µL of water 
were added to 12.5 µL of 2X PCR Master Mix to a final reaction volume of 25 µL.  The 
general amplification protocol used for standard PCR was 35 cycles of 95 oC for 1 min, 
Ta (Table 2) for 1 min, and 72 oC for 1 min with an initial denaturation step of 95 oC for 
10 min and a final extension step of 72 oC for 10 min.  For bacterial ARISA 
amplification, the annealing time was increased to 3 min to allow for amplification of 
longer PCR products.  Cycles were also increased to 40 in order to amplify bacteria at 
very low concentrations in the extracted DNA.  For fungal ARISA amplification, the 
annealing time was also increased to 3 min and total cycles were increased to 50. 
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Results of standard PCR were visualized by gel electrophoresis.  The presence or 
absence of amplified target DNA was seen by a single band on the gel, while bacterial 
and fungal ARISA amplification success was determined by the presence of several 
bands or smears of DNA on the gel.  An Owl B2 EasyCast Mini Gel System (#b2, 
Thermo Scientific) with an EC570 power supply (EC Apparatus Corporation) and Kodak 
Gel Logic 100 Digital Imaging System (#05-730-167, Thermo Fisher Scientific) were 
used for visualization.  For each sample, 10 µL of PCR product were mixed with 2 µL of 
6X loading dye and loaded onto an ethidium bromide gel.  The gel was then run at 130 
volts for 45 minutes and viewed under UV light. 
 
qPCR 
 
For qPCR, a fluorescent dye was added to the PCR mixture that fluoresces in the 
presence of double-stranded DNA.  This fluorescence was then measured after each cycle 
and the concentration of product DNA that had been amplified was then monitored in 
real-time.  The Bio-Rad iCycler iQ5 (#170-9780, Bio-Rad) instrument was used for 
qPCR analysis in this study.  Main ingredients of each reaction included 2X RT² SYBR 
Green/ Fluorescein Master Mix (#PA-011, SA Biosciences), primers (Table 2), extracted 
genomic DNA, and autoclaved/filter sterilized DDW.  The exact ingredients of the 2X 
PCR Master Mix used are proprietary, but it contains SYBR green and fluorescein dyes 
in addition to those ingredients present in the standard PCR master mix.  For each 
reaction 2.0 µL of extracted genomic DNA, 1.0 µL of both forward and reverse primers 
(500 nM reaction concentration), and 9.5 µL of water were added to 12.5 µL of 2X PCR 
Master Mix to a final reaction volume of 25 µL.  The general amplification protocol used 
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for qPCR was 40 cycles of 95 oC for 1 min, appropriate annealing temperature (Table 2) 
for 1 min, and 72 oC for 1 min with an initial denaturation step of 95 oC for 10 min and a 
final extension step of 72 oC for 10 min.  Fluorescent readings were measured during the 
72 oC step of each cycle, and a melt curve was performed after the final extension step to 
confirm the purity of the amplified DNA. 
Standards were also necessary for absolute quantification when using qPCR 
procedures.  Pure genomic DNA was ordered from ATCC (Methanosarcina mazei), 
ordered from INVAM (Glomus intraradices) or extracted from pure culture (Escherichia 
coli and Phanerochaete chrysosporium).  Standard DNA materials used in this study with 
starting concentrations are shown in Table 3.  The standard DNA material was serially 
diluted to construct a standard curve.  Two µL of concentrated standard were added to 18 
µL of sterilized DDW.  This solution was mixed then 2 µL of this diluted standard were 
added to 18 µL sterilized DDW.  This process was then repeated until a final diluted 
standard DNA concentration of approximately 1 copy per µL was achieved.  Seven or 
eight serial diluted standards were made in this manner for each of the standards shown 
in Table 3 to obtain standard curves.  An example of a standard curve generated in this 
study is shown in Figure 9. 
 
Table 3. qPCR standard genomic DNA used in this study 
 
Standard Type Species Copies/µL 
Archaea Genomic DNA M. mazei 6.0E+06 
Bacteria Genomic DNA E. coli 8.7E+07 
Fungi Genomic DNA P. chrysosporium 6.0E+08 
Mycorrhizal Fungi Genomic DNA G. intraradices 1.0E+06 
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A real-time PCR calibration curve was required to estimate the number of target 
gene copies in a given sample.  Information on the 16S rRNA gene is available for 
sequenced genomes at www.tigr.org or www.jgi.doe.gov.  Standard DNA concentrations 
were determined in ng/µL by spectroscopy using the NanoDrop 1000 method previously 
described.  This concentration value (X) was multiplied by the number of copies of the 
16S gene in the complete genome (Y) and then divided by the number of base pairs (Z) in 
the genome.  Assuming an average molecular weight of a base pair of DNA is 650 g/mol 
and converting units, the numbers of gene copies per µL in a genomic DNA standard 
were calculated.  This calculation is shown in Equation 1. 
A standard curve was prepared by plotting the cycle threshold values (CT) 
obtained for each standard dilution versus the log of the number of gene copies (Figure 
9).  The efficiency value represents the doubling of target DNA every cycle of 
amplification and should be within the range of 80-120%.  The copy number of an 
 
 
Figure 9. qPCR standard curve for eubacterial quantification. 
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g/mol) 0bp/DNA)(65 (Z
)Copies/DNA DNA)(Y DNA/mol 10 x 2g/ng)(6.02L)(10ng/ (X
 = LCopies/ Gene
23-9µµ (1) 
 
unknown sample was then calculated based on the regression equation of the standard 
curve, log copy number versus CT value.  Multiplying the copy number of the unknown 
sample (X) by the volume of DNA obtained from the sample (Y) and dividing the 
resulting value by the total volume or weight of starting material (Z) yields an estimate of 
the total number of genes per volume unit or weight unit of the sample material (Loffler 
et al., 2005).  This calculation is shown in Equation 2. 
 
raction)Sample/Ext g (Z
tion)DNA/Extrac L DNA)(Y LCopies/ (X
 = Sample Copies/g Gene µµ  (2) 
 
Automated Ribosomal Intergenic Spacer Analysis (ARISA) 
ARISA was used as the primary method for determining microbial diversity in 
this study.  This method allows for much more rapid and inexpensive analysis of 
environmental samples compared to other methods such as cloning and sequencing.  
ARISA has proven to be a valuable tool for determining the diversity of bacteria as well 
as fungi in environmental samples (Ranjard et al., 2001).  In this method, PCR was used 
to amplify the internally transcribed spacer (ITS) region between the 16S and 23S genes 
on the bacterial genome and the ITS1-5.8S-ITS2 region on the fungal genome.  High 
variability in the length of these spacer regions makes it possible to distinguish between 
different species of bacteria and fungi based on the spacer length amplified.  Primers used 
to amplify these ITS regions are labeled with a fluorescent dye (6-FAM) on the 5’ end of 
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the forward primer.  A DNA sequencing instrument (3730 DNA Analyzer, Applied 
Biosystems) was then used to separate fluorescent-labeled PCR products based on their 
base pair length.  Fluorescence is detected as the separated DNA moves through a 
capillary column and the output electropherogram shows a distinct peak for each different 
ITS fragment, ideally each type of bacteria, present in the original environmental sample.  
Individual peaks as well as the electropherogram as a whole are then compared from 
sample to sample to determine differences in their microbial makeup.  While this is a 
simple way to obtain a genetic fingerprint of a microbial community, it is difficult to 
determine exactly what type of bacteria each peak represents without further analysis 
including cloning and sequencing of the amplified spacer regions. 
PCR reaction mixtures and amplification conditions were followed as previously 
described for bacterial and fungal ARISA.  The PCR products were then screened by gel 
electrophoresis to ensure that ITS regions were sufficiently amplified.  Successfully 
amplified ARISA PCR products from mixed cultures and environmental samples show 
multiple bands or a smear of DNA on a gel, while those from pure cell or genomic DNA 
show a clear single band or distinct multiple bands, depending on their operon copy 
number and ITS region size characteristics.  PCR products were then diluted 1:1 with 
filtered/sterilized DDW and stored in a freezer at 20°C before being transported to the 
Utah State University Center for Integrated Biosystems (CIB) for ARISA analysis. 
The following steps were then completed at the CIB.  One µL of diluted PCR 
product, along with 1 µL of an internal size standard (1200liz, Applied Biosystems), were 
added to 20 mL of deionized formamide, and the mixture was denatured at 95°C for 5 
min, followed by 2 min on ice.  Sample fragments were then discriminated using the ABI 
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3730 genetic analyzer, in which DNA was separated by electrophoresis in a capillary tube 
filled with electrophoresis polymer.  The samples were then run under standard ABI 3730 
denaturing electrophoresis conditions for 1 hour each with the POP-4 polymer, and the 
data were analyzed using the GeneScan 3.1 software program. The program output is a 
series of peaks (electropherogram) for each sample, the sizes of which are estimated by 
comparison to fragments in the internal size standard.  In addition, the GeneScan 
software calculates the fluorescence contained in each peak, which is proportional to the 
quantity of DNA in the fragment. 
 
Cloning and Sequencing 
Cloning and sequencing was performed as part of this study to determine the 
identity of several of the bacteria and fungi shown in the most prominent ARISA peaks.  
Segments of amplified ITS DNA were ligated into a plasmid vector and the vector was 
transformed into chemically competent E. coli cells, which were then grown up in large 
quantities to amplify the inserted DNA.  This culture was then transferred to growth 
plates and many colonies were grown, each from a single bacterium.  DNA was then 
extracted from several of the colonies, each with pure DNA from one of the organisms in 
the original sample.  This DNA was then sequenced and identified based on comparison 
with a database of known bacterial and fungal sequences. 
ARISA peaks for cloning and sequencing were chosen based on three criteria.  
First, those peaks that were most important in the differentiation of samples were 
determined using RiboSort statistical analysis by peak (described in the next section).  
Second, peaks were chosen that were of a sufficient concentration to clearly see using gel 
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electrophoresis.  Lastly, peaks were chosen that were seen in the maximum number of 
hybrid poplar tissue samples.  Only leaf and stem samples were used to reduce the 
amount of non-endophytic DNA that was sequenced. 
Once the desired peaks for sequencing were chosen, standard PCR was used to 
amplify the DNA in the extracted tissue samples that contained those peaks.  ARISA 
primers shown in Table 2 without the fluorescent dye on the forward primer were used 
under the same conditions previously described.  Amplified DNA was then separated 
using gel electrophoresis, and the bands that corresponded to the desired peak length 
were cut from the gel.  DNA was then purified from the gel pieces using the QIAquick 
Gel Extraction Kit (#28704, Qiagen).  A second PCR using the same primers and 
conditions was then performed and the amplified DNA was again separated by gel 
electrophoresis.  The resulting bands were then cut and purified a second time to ensure a 
high concentration and purity (measured by NanoDrop) of DNA for cloning. 
The purified products were then cloned using the TOPO TA Cloning Kit 
(K451020, Invitrogen).  Cloning plates were prepared by autoclaving LB agar medium (4 
g of LB agar for every 100 mL of DDW), adding kanamycin (50 µg/mL) once the 
medium cooled, and pouring approximately 20 mL of this solution into each culture 
plate.  These plates were allowed to harden under a laminar flow hood and then stored in 
a 37°C incubator until ready for inoculation.  The cloning reaction was prepared by 
adding a sufficient volume of purified PCR product (0.5 to 4 µL) to get at least 10 ng of 
DNA, 1 µL salt solution, 1 µL TOPO vector, and enough DDW to bring the total reaction 
volume up to 6 µL.  This mixture was prepared for each sample in a PCR tube, mixed by 
tapping, and incubated at room temperature for 30 minutes.  Two µL of each cloning 
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reaction was then added to a tube of One Shot TOP10 chemically competent E. coli cells 
and mixed.  Vials were incubated on ice for 30 min, heat-shocked by immersing in a 
water-bath at 42°C for 30 sec, and then placed back on ice for 2 min.  Two hundred and 
fifty µL of pre-warmed S.O.C. medium were then added to each vial, and vials were 
placed horizontally on a shaker table at 225 rpm in an incubator at 37°C for 1 hr.  Fifty 
µL of this mixture were then pipetted from each vial onto a culture plate and spread using 
a sterile plastic spreader.  Plates were incubated upside-down overnight at 37°C. 
LB broth medium was autoclaved (4g LB broth for each 100 mL DDW), 
kanamycin (50 µg/mL) was added, and 2 mL were poured into one tube for each colony 
to be sequenced.  Colonies were selected from the culture plates and a single colony was 
transferred into the LB kanamycin solution using a sterile inoculating loop.  Tubes were 
then grown overnight on a rotating drum in an incubator at 37°C.  DNA was then 
extracted from each tube by centrifuging at 3,000 rpm for 10 min, pouring off the 
supernatant and transferring the pellet into a Zyppy Plasmid MiniPrep Kit (#D4036, 
Zymo Research Corporation).  In the kit, lysis and neutralization buffers are added to the 
bacterial cells, cell debris is removed by centrifugation, and DNA is bound to a silica spin 
filter, washed, and eluted as per the manufacturer’s instructions. 
Finally, a portion of the purified DNA underwent a restriction enzyme digestion 
with EcoRI (Fast Digest, Fermentas) to ensure that ARISA fragments were successfully 
inserted.  A total of 2.5 µL of 10X buffer were added to 16.25 µL DDW, 5 µL DNA, 1.25 
µL enzyme, and the mixture was then separated by gel electrophoresis.  Samples that 
showed a clear band at the proper insert length were selected for sequencing and 10 µL of 
purified DNA were sent to the DNA Analysis Facility on Science Hill at Yale University.  
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The returned sequence data were trimmed and matched to the database of the National 
Center for Biotechnology Information (NCBI) to identify the most closely related species 
of bacteria or fungi in each sample. 
 
Statistical Methods 
For most of the results obtained in this study, statistical analysis simply consisted 
of determining if two values were significantly different from each other.  Therefore, a 
standard deviation was calculated based on replicate samples and/or replicate trees within 
each treatment.  The 95% confidence interval (95% CI) was then calculated using the 
standard deviation and is reported on most of the tables and figures in this study. 
To compare different environmental samples based on ARISA results, more 
robust statistical methods needed to be used.  The most basic way to compare the 
diversity of two samples was by simply using the total number of significant peaks that 
were present in each ARISA electropherogram.  More peaks present in a given sample 
represent a greater variety of species of bacteria or fungi in the sample and therefore 
higher diversity.  An example of two ARISA electropherograms is shown in Figure 10.  
In this figure, 13 and 14 significant peaks are observed, respectively, showing that the 
overall diversity of these two samples is very similar.  Output data from ARISA are 
generated both in graphical form as shown in Figure 10, and in table form with peak 
lengths, heights, and areas reported that can then be used for further analyses. 
Another simple method for comparing ARISA results that takes more advantage 
of the data set is using a similarity index.  Electropherogram peaks from ARISA 
 59
 
 
 
Figure 10. Example of two ARISA electropherograms showing high sample 
similarity. Fragment size in nucleotide base pair is represented on the 
horizontal axis, and fluorescence is represented on the vertical axis. 
 
 
fingerprint outputs are identified using ABI GeneScan software.  Peak lengths are then 
transferred to Microsoft Excel for subsequent analysis.  Significant peaks are chosen 
based on a peak height above background and must be within an acceptable length range 
(between 100 and 1200 bp).   For similarity index analysis, all the ARISA data peaks are 
reduced to simply being present or absent.  A Sorensen Similarity Index (Yannarell and 
Triplett, 2004) is calculated from ARISA peaks to investigate the similarity between two 
samples.  The Sorensen Similarity Index value will be closer to 1.0 for samples that have 
most peaks in common and to 0.0 for samples that have no peaks in common.  The 
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calculation of a Sorensen Similarity Index value for two samples with the number of 
peaks X and Y is shown in Equation 3.  In this equation, A is the number of peaks in 
sample X, B is the number of peaks in sample Y, and J is the number of peaks common 
to both samples. 
 
Sorensen Similarity Index = 2J/(A+B)  (3) 
 
In Figure 10 for example, there are 13 and 14 peaks present in the two 
electropherograms shown, and 11 of them are common to both.  The Sorensen Similarity 
Index value calculated for these two samples is 0.81 (22/(13+14) = 0.81).  A similarity 
index value this high is typical of two replicate or very closely related samples. 
In addition to similarity indices, even more sophisticated multivariate analyses 
may also be used on ARISA data.  Canonical ordination (Yannarell and Triplett, 2005) 
and principal component analysis (Ranjard et al., 2001; Torzilli et al., 2006) are two 
options that have been previously used on ARISA data.  Multivariate analyses allow for 
greater use of the ARISA output data.  Information such as the determination of which 
peaks are the most significant in sample differentiation and whether other factors such as 
treatment, tissue type, TCE addition, and media type are significant can be obtained 
through multivariate analyses of the ARISA data. 
Computer programs such as RiboSort and PC-ORD are available to assist in these 
types of statistical analyses and were used on the data collected in this study.  RiboSort is 
a computer package that runs in the statistical software shell R.  It is used for convenient 
editing of ARISA and terminal restriction fragment length polymorphism (TRFLP) data.  
It is designed to eliminate the laborious task of manually classifying community 
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fingerprints in microbial ecology studies.  The program automatically assigns detected 
fragments and their respective relative abundances to appropriate ribotypes and allows 
simultaneous sorting of multiple profiles.  RiboSort also performs exploratory analysis on 
ARISA data by creating multidimensional scaling (MDS) plots that compare the 
similarity of sample profiles using the statistical software R (Scallan et al., 2008).  
RiboSort was used in this study both to edit and organize the ARISA data, as well as to 
generate MDS plots to analyze these data. 
 PC-ORD is a software package for Windows that performs multivariate analysis 
of ecological data entered in spreadsheets.  ARISA data compiled by RiboSort were 
copied into the software as an Excel file for statistical analysis.  To understand the effect 
of different treatments and other factors on bacterial and fungal community profiles, non-
metric multidimensional scaling (NMS) plots were created using a Bray–Curtis similarity 
matrix.  In NMS plots, the distance between points reflects how similar the community 
profiles of those samples are.  Communities with the greatest similarity are represented 
by points that are close together, while communities that are most dissimilar are 
represented by points that are furthest from each other.  A multi response permutation 
procedure (MRPP) test was then performed to determine whether treatment and other 
factors had a statistically significant effect on the microbial community composition.  A P 
statistic was then calculated with P values less than 0.05 for a particular factor showing 
that that factor was significant in the differentiation of samples and therefore had an 
effect on the microbial community being analyzed (Anderson, 2001). 
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RESULTS AND DISCUSSION 
Preliminary Studies 
Before the main hybrid poplar study was begun, several preliminary experiments 
were completed to determine how this study should be set up and what materials and 
methods would be used.  The first step was to determine if endophytic microbial DNA 
could successfully be extracted from plant tissue and subsequently amplified by PCR.  
All of the microbial quantity and diversity analysis described in this study depended on 
efficient and reproducible extraction and amplification of plant-associated microbial 
DNA.   
Tree-core samples were collected from several trees growing at the HAFB TCE 
remediation sites OU2 and OU4.  DNA from these tree-cores was then extracted and 
amplified using qPCR to determine quantities of microbial endophytes.  Results collected 
from this experiment are shown in Table 4.  In this table, concentrations of bacterial and 
fungal DNA significantly above the detection limit were seen in all trees sampled.  
Archaeal DNA was also detected in several of the samples, but concentrations were close 
to the detection limit, and about half of these samples were below the detection limit for 
archaea. 
Detection limits for qPCR varied based on the primer set and efficiency of the 
amplification, but in general 100 copies/µL could be easily detected.  This corresponds to 
a detection limit of approximately 100,000 copies/g or 5.0 log copies/g in this study.  
Values are shown as log number for easier comparison.  Replication was not performed 
on samples in this preliminary study, but triplicate extraction and amplification was  
 63
 
Table 4. Preliminary endophytic microbial qPCR results from HAFB tree-core samples 
 
Sample Concentration (log copies/g) Bacteria Archaea Fungi 
OU2 BE 8.89 BDL 9.49 
OU2 P1 8.94 BDL 8.91 
OU2 P3 8.78 5.07 8.96 
OU2 W1 9.24 6.17 8.99 
OU2 W2 9.20 6.14 9.00 
OU2 W3 9.09 6.64 9.16 
OU2 W4 8.63 6.79 8.89 
OU4 C1 9.24 6.28 8.97 
OU4 P1 8.44 BDL 8.50 
OU4 P2 9.33 BDL 9.52 
Water Lab 7.87 BDL 7.29 
  OU2 and OU4 are Operable Units at HAFB 
  BE = Box Elder, P = Poplar, W = Willow, 
  Water Lab = Control Willow, C = Cottonwood 
  BDL = Below Detection Limit 
 
completed for all samples collected from the main poplar study.  This replication showed 
that the average standard deviation for samples amplified using bacterial, archaeal, and 
fungal primers was 0.15, 0.16, and 0.18 log copies/g, respectively.  Variation in this 
qPCR data is represented on the log scale because data from the instrument is gathered as 
a log number. 
Bacterial and fungal endophyte concentrations for HAFB trees had a similar range 
of values for all the samples shown in Table 4 (approx. 8.5 to 9.5 log copies/g).  
Although the copies/g concentration values for these tree-cores were similar, it is likely 
that their cells/g concentrations would be very different.  While most bacterial cells have 
only a few copies of target DNA (16S) per cell, many fungal cells have been shown to 
have 100 or more copies of target DNA (18S) per cell (Rooney and Ward, 2005).  
Samples with high concentrations of bacteria tended to also have high concentrations of 
fungi, such as the willows OU2 W2 and OU2 W3.  The sample showing the lowest 
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concentration in both cases was a control willow tree-core collected from the Utah Water 
Research Laboratory (UWRL).  This may suggest a difference in endophyte 
concentration between control and OU2/OU4 trees, but because this control tree was at a 
different site and no control trees could be sampled at HAFB it could not be determined if 
this difference was due to exposure to TCE, local environmental conditions, or some 
other factors.  These data illustrated the necessity for replication of both TCE-treated and 
control trees in the hybrid poplar study. 
These preliminary results indicated that the DNA from endophytic 
microorganisms could be successfully extracted from plant tissues and detected using 
qPCR methods.  Data showed that endophytes were present in the tree cores of all trees 
sampled at relatively high concentrations (comparable to concentrations in soil per gram 
of sample).  Once it was determined that endophytic microorganisms were present in tree 
tissue samples and that their DNA could be extracted and amplified, the optimum 
extraction method needed to be determined. 
A second preliminary experiment was then performed to determine the optimum 
method for the efficient and reproducible extraction of endophytic DNA from plant tissue 
samples, as well as other water and soil samples that would be collected.  This 
experiment was set up to test three different DNA extraction procedures and a clean-up 
procedure on plant tissue, soil, and water samples to determine which method allowed for 
the maximum recovery of microbial DNA in terms of quantity as well as diversity. 
Results obtained from this experiment are shown in Table 5.  Plant samples represent 
tree-core material from a control willow tree sampled at the UWRL.  The soil and water 
samples were collected from OU2 topsoil and well U2-080 groundwater, respectively. 
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Table 5. Preliminary results from DNA extraction method selection study 
 
Sample Extraction Method 
Bacterial 
Concentration      
(log copies/µL) 
Fungal 
Concentration          
(log copies/µL) 
Bacterial 
Diversity          
(peak #) 
Fungal 
Diversity          
(peak #) 
Plant 
CTAB 8.73 5.91 1 0 
CTAB+PC 8.48 5.69 10 41 
PP 9.35 BDL 0 0 
PP+PC 9.25 5.76 20 61 
PS 7.78 4.48 5 0 
PS+PC 7.47 4.41 4 7 
Soil 
CTAB 8.23 BDL 0 0 
CTAB+PC 8.05 4.55 0 0 
PP BDL BDL 1 0 
PP+PC 8.93 5.68 21 34 
PS 8.99 6.02 0 0 
PS+PC 8.81 5.91 35 69 
Water 
CTAB 8.93 5.97 28 15 
CTAB+PC 8.62 5.98 38 44 
PP 9.18 6.00 1 1 
PP+PC 8.84 5.49 16 40 
PS 9.30 5.99 127 55 
PS+PC 8.94 5.46 0 31 
CTAB = Chloroform Extraction Method (Griffiths et al., 2000)                                PP = 
MoBio PowerPlant DNA Extraction Kit                                                                                             
PS = MoBio PowerSoil DNA Extraction Kit                                                                                               
PC = MoBio PowerClean DNA Clean-Up Kit                                                                                             
BDL = Below Detection Limit 
 
For this experiment, the DNA extracted from these samples underwent two 
different types of analysis.  Sample DNA was first amplified by qPCR to determine the 
concentration of bacterial and fungal endophytes.  Extracted DNA was then amplified by 
standard PCR using ARISA primers and sent to the USU CIB for diversity analysis.  This 
gave two different measures of the effectiveness of each extraction method for each 
different sample type.  All extraction methods were also performed in triplicate for each 
sample type, and average values of these three samples are reported in Table 5. 
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The qPCR data in Table 5 are represented as average log copies/µL of the DNA 
extract.  Conversion of these data to copies/g was not necessary because equal volumes 
were used within each sample type at the start of the extraction.  Expressing these values 
in log copies/µL also makes comparison across sample types much easier for the 
determination of which extraction method was best suited for the hybrid poplar study. 
ARISA data in this table are expressed as the average diversity number, defined as the 
average number of peaks that were seen on the ARISA electropherogram. 
These results showed that the clean-up step was important in achieving quality 
results for both quantity and diversity in all three sample types for all three extraction 
methods tested.  While concentrations of bacteria and fungi were slightly lower in many 
instances with the addition of the clean-up step, in some cases the concentration increased 
after the additional step, and some samples that were initially below detection were able 
to be quantified after clean-up.  This shows that there was some contamination present in 
the DNA of these samples inhibiting the PCR reaction that was removed by the additional 
clean-up step.  Diversity numbers from ARISA analysis also went up for almost all 
samples tested with the addition of the clean-up step.  The diversity data suggest that the 
clean-up step was even more important to the ARISA results than to the qPCR results.  
Dominant microbes were amplified even in the presence of some inhibitory 
contaminants, so the overall concentration seen with qPCR did not change very much in 
most cases.  However, to amplify microbes present in smaller quantities and to see the 
true diversity of each sample the clean-up step was essential. 
It was also determined from these results that the PowerPlant kit could be 
successfully used on all three sample types tested.  This kit yielded the highest 
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concentrations of microbial DNA for the plant samples tested, and there was no 
significant advantage to using other methods for the soil or water samples when the 
PowerClean Clean-Up Kit was included.  Diversity numbers were also high for all three 
sample types when this combination of extraction kits was used.  From this preliminary 
experiment, it was determined that the MoBio PowerPlant DNA Extraction Kit with the 
MoBio PowerClean DNA Clean-Up Kit would be used for DNA extraction on all 
samples in this study.  The use of a single extraction method for all samples in the hybrid 
poplar study was desirable in order to reduce the variation in the type and quantity of 
DNA that is extracted when different methods are used. 
 
TCE and Metabolites 
The analysis of TCE and its metabolites in the hybrid poplar tree tissue and media 
samples was important to both show that TCE was delivered to all the different parts of 
the exposed trees and to determine what type of degradation may be taking place within 
these trees.  If microbial anaerobic dehalogenation was taking place within the trees, then 
the degradation products cis-DCE and VC should be seen in tissue samples.  If the trees 
were actively metabolizing the TCE, then the products DCAA, TCAA, and TCEtOH 
should be seen.  Even if these products were further degraded within the trees, these 
intermediate metabolites would still likely be seen in the tree tissue. 
The first results analyzed at the completion of the hybrid poplar study were for 
concentrations of TCE, trans-DCE, cis-DCE, and VC by GC/MS analysis.  No vinyl 
chloride or trans-DCE was detected in any of the samples analyzed, and only very low 
concentrations of cis-DCE were measured in a few of the samples analyzed.  Samples 
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showing cis-DCE were primarily in the SOIL treatment trees that were watered with 
groundwater from OU2, which contained some cis-DCE.  Therefore, it appears that cis-
DCE seen in tree tissue samples was being passively taken up by the trees, and no active 
anaerobic microbial dehalogenation was occurring within the trees. 
Results for average TCE concentration in dosed hybrid poplar and media samples 
are highlighted in Figure 11.  All results collected for TCE concentration in hybrid poplar 
and media samples are shown in Table B-1 of the Appendix. 
In Figure 11, values are reported in µg of TCE per kg of sample tissue on a dry 
weight basis.  Dry weight data are shown in Table B-1 of the Appendix.  The average and 
95% confidence intervals shown were calculated based on 12 samples, three replicate 
samples taken from each of the four trees in each treatment.  Statistical variability in the 
TCE concentration values is represented by the 95% confidence interval and is relatively 
high when compared to the average concentrations shown, with several of the values 
greater than 50% of the average value.  These data consist of variability within a single 
tree as well as variability from tree to tree within a treatment.  Both of these factors 
contributed significantly to the overall variability that is shown in Figure 11. 
The results in Figure 11 show that TCE was successfully delivered to all tissues of 
the trees that were dosed.  Concentrations were highest in the roots and media and 
decreased up the tree toward the leaves.  Samples were not collected for the top and 
middle stems of the SOIL trees because of a lack of sample material due to the smaller 
size of those trees (both in height and trunk diameter). 
TCE concentrations in the leaves and roots were similar for dosed PEAT vs. 
dosed SOIL treatments, statistically the same based on the 95% confidence intervals 
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Figure 11. Average TCE concentration in dosed hybrid poplar and media samples. 
Statistical variation is represented by the 95% confidence interval. 
Average and 95% confidence interval values were calculated based on 12 
samples, three replicate samples collected from each of four replicate 
trees. N/A samples were not collected. 
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shown.  In the stem bottoms and media however, concentrations were different.  TCE 
was higher in the stem bottoms of the dosed SOIL trees and higher in the media of the 
dosed PEAT trees.  The difference in concentration in the media can be explained due to 
the different types of media that were used in these two different treatments.  High levels 
of organic matter present in the potting media of the PEAT trees compared to the OU2 
soil and sand mix used in the SOIL trees resulted in more TCE being sorbed to the PEAT 
media.  The difference seen in the stem bottoms is more difficult to explain.  SOIL trees 
were smaller than PEAT trees due to more difficult growing conditions in the OU2 soil.  
Average height and stem base circumference for PEAT trees was 242 cm and 7.0 cm, 
respectively, and for the SOIL trees were 133 cm and 4.4 cm, respectively.  Complete 
tree height and stem base circumference data are shown in Appendix A.  TCE in the 
stems may therefore be spread throughout the greater mass of the PEAT trees and/or 
more efficiently transferred to the upper portions of the trees where transpiration occurs.  
TCE that is adsorbed to organic matter in the dosed PEAT media could also be rapidly 
volatilizing in the dosed SOIL media resulting in deposition on the lower stem portions of 
these trees.  These differences for TCE concentration observed in the stem bottoms and 
media of the dosed treatments are shown in further detail in Figure 12. 
No TCE was seen in any of the non-dosed PEAT trees, but TCE was seen in most 
of the tissue samples taken from the non-dosed SOIL trees.  This TCE was present in the 
groundwater from OU2 used to water these trees at an average concentration of 10.6 
µg/L; based on samples collected from well U2-080.  No TCE was seen in the leaves of 
any of these trees, but was seen in the stems, roots, and media.  Average stem, root, and 
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Figure 12. Change in TCE concentration in stem bottom and media samples of 
TCE dosed trees based on media type. Error bars represent the 95% 
confidence interval of 12 samples from four replicate trees. 
 
 
media TCE concentrations for the non-dosed PEAT trees were 6.2, 5.9, and 0.9 µg/kg, 
respectively (data shown in Table B-1 of the Appendix). 
Samples taken from the hybrid poplar study were also analyzed for the TCE 
metabolites DCAA, TCAA, and TCEtOH.  Results for average concentrations of these 
metabolites in the hybrid poplar trees are shown in Figures 13 – 19.  One sample of each 
tissue was analyzed from each tree.  The values reported therefore represent the average 
of each tissue sampled from the four replicate trees in each treatment.  Data are shown in 
units of ng of each metabolite per g of plant tissue or media on a dry weight basis.  Error 
bars represent the 95% confidence interval for these replicates.  Concentrations of all 
three metabolites were observed in non-dosed PEAT trees.  These trees had no TCE 
measured in any of their tissue samples.  This suggests that there was significant 
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background interference for these metabolites when using this metabolite analysis 
method.  Average values for these trees can be seen in Table A-1 of the Appendix, and a 
complete summary of all the results collected for TCE metabolites is shown in Table C-2 
of the Appendix. 
DCAA, shown in Figure 13, was observed in all samples that were analyzed with 
the highest concentrations seen in the leaves and roots.  However, these concentrations 
were not significantly different from those seen in the non-dosed PEAT trees and were 
therefore not likely due to metabolism.  The conclusion that DCAA seen in the hybrid 
poplar tissue samples was due to background interference from the analysis method is 
also supported by the fact that concentrations in the dosed SOIL trees were not  
 
0
50
100
150
200
250
300
350
400
450
500
Leaf Stem Root Media
D
CA
A
 
(ng
/g
)
PEAT Dosed PEAT SOIL Dosed SOIL
 
 
Figure 13. Average DCAA concentration in hybrid poplar tissue and media 
samples. Error bars represent the 95% confidence interval of four samples 
from four replicate trees. PEAT samples represent observed background 
concentrations. Dosed SOIL media data was not collected. 
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significantly higher than those seen in the non-dosed SOIL trees.  DCAA concentrations 
seen in the media were also likely due to some interference as this metabolite is not 
generally seen in the soil environment.  Dosed SOIL media samples were not analyzed 
due to difficulties in the metabolite extraction procedure for this sample type. 
Results for TCAA and TCEtOH are much more interesting.  TCAA, shown in 
Figure 14, was seen in all the samples that were analyzed, but was significantly higher in 
the leaves of the two dosed treatments.  These concentrations were significantly above 
background concentrations seen in the non-dosed PEAT trees.  These data show that TCE 
metabolism to TCAA was occurring in both the dosed PEAT and dosed SOIL treatments.   
It cannot be determined from these data where in the plant this metabolism was taking  
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Figure 14. Average TCAA concentration in hybrid poplar and media samples. 
Error bars represent the 95% confidence interval of four samples from 
four replicate trees. PEAT samples represent observed background 
concentrations. Dosed SOIL media data was not collected. 
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place because significant concentrations of TCAA were only seen in the leaf samples 
where transported metabolites accumulate.  These increases in TCAA concentration for 
the leaves of dosed treatments compared to the non-dosed treatments are shown in more 
detail in Figure 15.  Metabolism of TCE to TCAA was observed in both media types with 
the addition of TCE, and there was no significant difference seen between the two media 
types based on the 95% confidence intervals shown. 
TCEtOH, shown in Figure 16, was also measured in all the samples that were 
analyzed, and elevated concentrations were seen in several different tissues of the TCE 
dosed treatments.  Significant levels of TCEtOH were seen in the leaves, stems, and roots 
of dosed trees.  Again, these values were significantly higher than both non-dosed SOIL 
and non-dosed PEAT trees.  These data show that TCE metabolism to TCEtOH was  
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Figure 15. Change in leaf TCAA concentration due to TCE dosing based on 
media type. Error bars represent the 95% confidence interval of four 
samples from four replicate trees. 
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Figure 16. Average TCEtOH concentration in hybrid poplar and media samples. 
Error bars represent the 95% confidence interval of four samples from 
four replicate trees. PEAT samples represent observed background 
concentrations. Dosed SOIL media data was not collected. 
 
 
occurring within both the dosed PEAT and dosed SOIL treatments.  This metabolism 
appears to be either occurring throughout the tree or in the roots and then being 
transported to the other tissues of the tree, as the metabolite is seen in leaf, stem, and root 
tissue samples.  TCEtOH was also seen in media samples that were analyzed, but 
variation is too high to determine if this data is significant.  This variability is most likely 
due to experimental error, as these media samples were difficult to process by the 
metabolite extraction method used for the tree tissue samples. 
Data shown in Figure 16 is then broken down into further detail in Figures 17 – 
19.  Figure 17 shows the increase in TCEtOH due to TCE dosing for leaf samples based 
on media type.  A nearly identical increase was observed in these leaf samples with no 
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Figure 17. Change in leaf TCEtOH concentration due to TCE dosing based on 
media type. Error bars represent the 95% confidence interval of four 
samples from four replicate trees. 
 
 
significant difference in the concentration of TCEtOH that was produced.  This result 
corresponds to the TCE data previously discussed, since there was no significant 
difference in the concentration of TCE that was seen in the leaves of these two 
treatments.  This also shows that the media trees were planted in had no effect on the 
metabolism of TCE to TCEtOH that was observed in the leaves. 
Figure 18 shows the increase in TCEtOH due to TCE dosing for stem samples 
based on media type.  Unlike the leaf data, a significant difference based on media type is 
observed, with a greater increase seen in the stems of the SOIL trees compared to the 
PEAT trees.  However, this relationship also corresponds with the increased 
concentrations of TCE that were observed in the stem bottoms of the dosed SOIL trees.  
This shows that more TCE was metabolized to TCEtOH in stems where there was a 
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Figure 18. Change in stem TCEtOH concentration due to TCE dosing based on 
media type. Error bars represent the 95% confidence interval of four 
samples from four replicate trees. 
 
 
higher concentration of TCE present and supports the conclusion that this metabolism is 
occurring in all the different tissues of the hybrid poplar trees. 
Figure 19 shows the increase in TCEtOH due to TCE dosing for root samples 
based on media type.  A significant difference based on media type was also seen in this 
data; however the relationship is the opposite of that observed in the stems.  More TCE 
was metabolized to TCEtOH in the roots of the PEAT trees than in the SOIL trees.  This 
result is interesting because no statistically significant difference was observed in TCE 
concentration of root samples for the two TCE dosed treatments.  However, there were 
significantly higher TCE concentrations observed in the media of the PEAT trees and this 
TCE could have potentially been accessed for metabolism by root-associated 
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Figure 19. Change in root TCEtOH concentration due to TCE dosing based on 
media type. Error bars represent the 95% confidence interval of four 
samples from four replicate trees. 
 
 
microorganisms.  Increased uncertainty is also associated with root samples due to the 
presence of media still attached to the roots at the time of sampling. 
TCAA and TCEtOH concentrations observed in this study suggest that TCE 
metabolism may be occurring in the roots, stems, and leaves of the hybrid poplar trees.  
However, more sample analysis with increased replication and further refinement of the 
metabolite extraction and analysis method are needed to improve sensitivity.  While the 
highest metabolite concentrations reported are reliable, problems with background 
readings need to be resolved in order to determine if lower concentrations are due to 
metabolism.  Glycosated TCEtOH should also be analyzed as it has been reported that 
this can be a major product of TCE metabolism in trees (Shang et al., 2001).  Despite 
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these difficulties, metabolism results show that the poplar trees were actively 
metabolizing TCE to TCAA and TCEtOH during this greenhouse study. 
 
Endophytic Microbial Quantity 
DNA from hybrid poplar tissue and media samples was extracted and amplified 
using qPCR to determine concentrations of endophytic and other plant-associated 
archaea, bacteria, and fungi.  Results for microbial DNA concentration in hybrid poplar 
and media samples are summarized in Figures 20 - 28.  A summary of all the results 
collected for microbial DNA concentration is shown in Table D-1 of the Appendix.  
These data include all tissue samples from the main hybrid poplar study, as well as other 
samples collected at the completion of this study, tissue samples from OU2 poplar trees 
grown in the greenhouse, groundwater samples collected from monitoring wells at OU2, 
and tissue samples collected from the leaves and trunks of trees growing at OU2. 
All values reported in Figures 20 – 28 are given in units of log copies of 16S 
(bacteria and archaea) or 18S (fungi) DNA per g of plant tissue or media on a dry weight 
basis.  Results are averaged over triplicate samples from four replicate trees in each 
treatment (12 samples total).  Error bars represent the 95% confidence interval for the log 
of copies per gram of sample.  Values shown in Appendix D are averaged over three 
replicates of each sample. 
The results for archaeal DNA (Figure 20) show average concentrations ranging 
from 4 log copies/g in the stems to over 6 log copies/g in the media.  Archaeal 
concentrations in the leaves of all four treatments were between 4.5 and 5 log copies/g. 
Average values in the SOIL and dosed SOIL trees were slightly higher than in the PEAT 
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Figure 20. Average archaeal DNA concentration in hybrid poplar and media 
samples. Error bars represent the 95% confidence interval of 12 samples 
from four replicate trees. 
 
 
and dosed PEAT trees, but this difference was not significant based on the 95% 
confidence intervals calculated.  Stem samples in the dosed PEAT trees showed the 
lowest concentrations, which were close to the detection limit for archaea.  Stem sample 
concentrations in the dosed SOIL trees were significantly higher than the PEAT and 
dosed PEAT trees, although variability was high in the non-dosed SOIL trees and could 
not be distinguished from the other stem samples.  Root samples showed an order of 
magnitude difference between PEAT treatment trees (about 5 log copies/g) and SOIL 
treatment trees (about 6 log copies/g).  Media samples for archaea showed higher 
concentrations than any of the tree tissue samples with all four treatments near or above 6 
log copies/g, and slightly higher concentrations were observed in the PEAT treatments 
compared to the SOIL treatments. 
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Overall, archaeal DNA concentrations in all media samples and in the roots of the 
SOIL and dosed SOIL tree samples were high while other samples were low.  Higher 
levels of archaea in the media are expected as archaea are often observed in soil 
environments.  The large difference seen between PEAT trees and SOIL trees in the root 
samples may be due to the amount of soil that remained on the roots of SOIL trees 
compared to the amount of potting media that remained on the PEAT tree roots at the 
time of sampling.  SOIL media tended to stick to and coat the root surface, while PEAT 
media was easily removed leaving the root surface clear of any visible residual media.  
Archaeal DNA concentrations consistently decreased in PEAT tree tissue samples with 
the dosing of TCE, however none of these decreases were significant based on the 95% 
confidence intervals shown.  Although levels of archaea were low in most tree tissue 
samples, it is interesting that they were found in these tissues, especially root and leaf 
samples.  More specific research into these archaea needs to be performed to identify 
endophytic archaea present in hybrid poplar trees. 
The results for bacterial DNA (Figure 21) show average concentrations ranging 
from under 8 log copies/g in the SOIL and dosed SOIL media to over 9.5 log copies/g in 
the PEAT leaf samples.  Bacterial concentrations in the leaves were the same in both of 
SOIL treatments, but were significantly different in the PEAT trees with TCE addition.  
A decrease from over 9.5 log copies/g to less than 9 log copies/g was observed with the 
dosing of TCE in these trees.  Bacterial DNA levels in SOIL and dosed SOIL trees were 
in between the two PEAT treatments.  Bacterial concentrations in the stem samples were 
also the same for SOIL and dosed SOIL trees with the PEAT trees significantly higher 
and the dosed PEAT trees lower.  All concentrations in the stems were lower than in the  
 82
 
6.0
6.5
7.0
7.5
8.0
8.5
9.0
9.5
10.0
Leaf Stem Root Media
Lo
g 
(co
pi
es
/g
)
PEAT Dosed PEAT SOIL Dosed SOIL
 
 
Figure 21. Average bacterial DNA concentration in hybrid poplar and media 
samples. Error bars represent the 95% confidence interval of 12 samples 
from four replicate trees. 
 
 
leaves, but the same overall trend was observed.  Root samples showed a different trend 
than leaves and stems, with bacterial concentrations in both PEAT treatments higher than 
those in both SOIL treatments, and a significant decrease seen with the dosing of TCE in 
both cases.  Bacterial concentrations in the media were over an order of magnitude higher 
in the PEAT treatments (over 9 log copies/g) compared to the SOIL treatments (less than 
8 log copies/g).  This shows that bacteria preferred growth in the potting media 
containing high levels of organic matter over the OU2 soil mixed with sand. 
Overall, the results for bacterial DNA concentration in tree tissue samples of the 
hybrid poplar study showed a significant decrease with the dosing of TCE in the PEAT 
trees, but not much change in the SOIL trees.  Figures 22 – 24 illustrate this observed 
change in concentration in more detail.  For the PEAT treatments, Figure 22 shows a 0.8 
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log decrease in bacterial leaf concentration with TCE dosing, Figure 23 shows a 0.8 log 
decrease in stem concentration, and Figure 24 shows a 0.4 log decrease in root 
concentration.  These bacterial concentrations decreases in the PEAT tree tissues are 
interesting because inhibition of growth due to the dosing of TCE would not be expected 
based on the low concentrations (about 5 mg/L) used in this study.  If inhibition due to 
TCE or its metabolites is not the cause of this decrease in bacteria, it is possible that TCE 
is stimulating growth of a different community of bacteria that now have an advantage in 
the tree tissues, but do not grow to the same density as in the non-dosed trees. 
Figures 22 and 23 show no significant difference in the bacterial concentration of 
the SOIL treatment leaf and stem samples.  This lack of change observed with TCE 
dosing shows that the bacterial community in the SOIL trees was better adapted to  
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Figure 22. Change in hybrid poplar leaf bacterial DNA concentration due to TCE 
dosing based on media type. Error bars represent the 95% confidence 
interval of 12 samples from four replicate trees. 
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Figure 23. Change in hybrid poplar stem bacterial DNA concentration due to TCE 
dosing based on media type. Error bars represent the 95% confidence 
interval of 12 samples from four replicate trees. 
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Figure 24. Change in hybrid poplar root bacterial DNA concentration due to TCE 
dosing based on media type. Error bars represent the 95% confidence 
interval of 12 samples from four replicate trees. 
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growth under TCE exposure compared to the PEAT trees, and therefore no significant 
change in concentration was observed.  This result suggests that the endophytic bacterial 
community growing in the SOIL trees may have developed differently than in the PEAT 
trees due to bacteria that were present in the OU2 soil and groundwater.  This is evidence 
for the theory that the endophytic bacterial community is at least partially developed from 
the immediate environment surrounding the trees. 
The results for fungal DNA (Figure 25) show average concentrations ranging 
from under 7 log copies/g in the dosed PEAT tree stem samples to almost 9 log copies/g 
in the PEAT and dosed PEAT media samples.  Fungal concentrations in the leaves 
showed no significant change with TCE dosing in the SOIL.  The only significant 
difference in the leaves was observed in the non-dosed PEAT trees, which showed a  
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Figure 25. Average fungal DNA concentration in hybrid poplar and media 
samples. Error bars represent the 95% confidence interval of 12 samples 
from four replicate trees. 
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slightly higher fungal concentration than in all other leaf samples.  Fungal concentrations 
in the stems were also all similar with the only significant exception being a slight 
decrease in the dosed PEAT trees.  Fungal DNA concentrations observed in root samples 
were over half an order of magnitude higher than those observed in the leaves and stems, 
but there was no significant difference seen among different treatments in the roots.  In 
the media, fungal concentrations were one and a half orders of magnitude higher in the 
PEAT and dosed PEAT trees than in the SOIL and dosed SOIL trees.  As with bacteria, 
this shows that fungi preferred to grow in the potting media of the PEAT treatments 
compared to the OU2 soil and sand of the SOIL treatments. 
Overall, the results for fungal DNA concentration in tree tissue samples from the 
hybrid poplar study showed similar concentrations in most leaf and stem samples of 
about 7 log copies/g with an increase in root fungi to almost 8 log copies/g.  It is not 
surprising that increased concentrations of fungal DNA are seen in the roots of the hybrid 
poplar trees as this is where arbuscular mycorrhizal fungi (AMF) are seen.  However, the 
results for leaf and stem concentrations show that endophytic fungi are present at 
significant concentrations in all the tissues of the trees. 
Similarly to the bacterial results, decreases in the concentration of fungi in the 
PEAT treatment with TCE dosing were seen in leaf, stem, and root samples with 
statistically significant drops observed in the leaves and stems.  Figures 26 and 27 show 
these leaf and stem decreases in more detail.  A 0.3 log decrease is observed for leaf and 
stem fungi, shown in Figures 26 and 27.  Although these differences are not as dramatic 
as those observed for bacterial DNA, they are significant based on the 95% confidence 
intervals shown and further illustrate the effect of TCE dosing on microbial endophytes  
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Figure 26. Change in hybrid poplar leaf fungal DNA concentration due to TCE 
dosing based on media type. Error bars represent the 95% confidence 
interval of 12 samples from four replicate trees. 
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Figure 27. Change in hybrid poplar stem fungal DNA concentration due to TCE 
dosing based on media type. Error bars represent the 95% confidence 
interval of 12 samples from four replicate trees. 
 
 88
 
in PEAT treatments.  Significant changes in DNA were not observed in the SOIL 
treatments for fungi suggesting a different fungal community in these samples that was 
better adapted to growth with TCE exposure than in the PEAT treatments.  These fungi 
likely came from the OU2 soil and/or groundwater that was used in the growth of SOIL 
treatment trees. 
To further examine the fungi associated with hybrid poplar trees, qPCR was used 
to measure the concentration of AMF DNA present in tree tissue and media samples.  
Leaf and stem samples were all negative for AMF, while results for root and stem 
samples are shown in Figure 28.  All AMF concentrations in the root tissue samples were 
between 6 and 6.5 log copies/g, and a slight decrease was seen with the addition of TCE 
in both PEAT and SOIL treatments.  This decrease however, was not significant based on  
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Figure 28. Average AMF DNA concentration in hybrid poplar and media 
samples. Error bars represent the 95% confidence interval of 12 samples 
from four replicate trees. 
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the 95% confidence intervals that were calculated.  AMF concentrations in the media 
samples were higher for the PEAT trees (6.9 log copies/g) than for the SOIL trees (6.2 
log copies/g).  This difference shows that the AMF preferred growth in the PEAT potting 
media over the OU2 soil and sand of the SOIL trees.  The AMF results are interesting 
because they show that the endophytic fungi observed in the leaf and stem samples are 
not closely related to AMF.  Total fungal DNA concentrations were also much higher 
than AMF concentrations suggesting that a high percentage of the fungi present in these 
samples are not AMF.  Results show that only about 3% of the total fungi in the roots are 
AMF, and about 1% and 5% of the total fungi in the PEAT and SOIL media are AMF. 
Microbial DNA data were also collected for various other samples from the 
hybrid poplar study, OU2 tree cuttings grown in the greenhouse, and trees and 
monitoring wells at OU2.  Tree cuttings grown in the greenhouse from Poplar 1 and 
Poplar 3 at OU2 showed concentrations of microbial DNA similar to each other, but 
different in several cases from the hybrid poplars in the main study.  Average archaeal 
DNA in these trees was similar to the hybrid poplars in the leaves and stems, was more 
similar to the SOIL treatment trees for the roots (5.9 log copies/g), and was higher than 
all previous samples in the media (7.0 log copies/g).  Average bacterial DNA in these 
trees was similar to that observed in the PEAT trees, except in the leaves where it was 
similar to the dosed PEAT trees (8.9 log copies/g).  Average fungal DNA in these trees 
was similar to the hybrid poplar trees in the leaves and stems, but was higher in the roots 
(9.1 log copies/g) and media (9.4 log copies/g).  Fungal concentrations of AMF were also 
slightly higher in the roots (6.9 log copies/g) and media (7.2 log copies/g).   
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Overall, there were some differences seen in the concentration of microbial DNA 
in the OU2 cuttings when compared to the hybrid poplars, especially elevated 
concentrations seen in the media.  However, these data show that most microbial 
concentrations in the tissues of the OU2 cuttings were not significantly different from the 
hybrid poplars used in the main study.  Most differences may be attributed to the different 
growth seen in these trees.  Cuttings were smaller at the time of potting compared to the 
hybrid poplars and subsequent growth was slower and less robust.  Observed increases in 
fungal DNA could indicate the presence of endophytic, AMF, and other plant-associated 
fungi that were present when the cuttings were collected. 
 The potting media and OU2 soil/sand mix used in the potting of greenhouse 
grown trees showed relatively high concentrations for all four microbial groups.  The 
media was therefore a potential source of microorganisms entering the tissue of the trees.  
Samples taken from the water of reservoir bins feeding the hybrid poplars also showed 
significant levels of all microbial groups, except in the dosed SOIL treatment bin where 
the addition of TCE seemed to inhibit the growth of microorganisms.  This decrease in 
microbial concentration corresponded to decreases seen in tissue samples of the dosed 
SOIL trees and suggests a link between microbes in the feed water and endophytes in the 
tree tissues.  Further research needs to be conducted to determine why TCE dosing at low 
concentrations has such a large impact on observed microbial concentrations.  This also 
suggests that the feed water may be a source of microbes that were seen in tree tissue 
samples.  Leaf litter samples collected after tree sampling was completed show extremely 
high levels of bacteria and fungi.  This shows how these microorganisms increase in 
numbers when breaking down plant material. 
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Microbial DNA from groundwater samples collected from four different wells at 
OU2 showed similar concentrations in all four groups of microbes to that seen in the 
SOIL and dosed SOIL feed water bins.  Quantities of microorganisms in the water that 
the trees in the greenhouse were exposed to were therefore similar to those experienced 
by trees growing at OU2.  Leaf samples collected from poplar and willow trees at OU2 
showed highly variable microbial DNA concentrations typical of trees sampled in an 
uncontrolled environment.  Fungal concentrations spanned a particularly wide range from 
7.2 to 9.2 log copies/g, and there was no correlation seen between tree type and microbial 
concentration.  Tree-core samples from these same trees growing at OU2 were collected, 
and these microbial concentrations also showed a great deal of variation.  Fungal 
quantities in these samples were consistently very high, and this may be due to fungal 
growth during storage after samples were collected.  Fungal growth was observed on 
these samples after several months and subsequently all tissue samples were immediately 
frozen.  All the data for these samples can be seen in Table D-1 of the Appendix. 
 
Endophytic Microbial Diversity 
Extracted DNA from the plant tissue and media samples of the hybrid poplar 
study, as well as all other samples collected, was analyzed for bacterial and fungal 
diversity using ARISA.  Microbial DNA was amplified by PCR using primers that target 
highly variable regions in the DNA.  Amplified PCR product was then analyzed at the 
USU CIB by capillary electrophoresis to create ARISA electropherograms. 
A measure of the overall diversity (diversity number) in each sample was 
estimated by counting the total number of peaks seen in each ARISA electropherogram.  
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Each sample therefore was given a diversity number for both bacteria and fungi with 
higher numbers representing greater overall diversity.  A second analysis of diversity was 
performed by comparing the fragment lengths of each peak between two samples using 
the Sorensen Similarity Index.  This creates a matrix of data where the similarities of any 
two samples or two groups of samples can be compared.  Finally, diversity was analyzed 
through statistical analysis of the ARISA data using the RiboSort and PC-ORD software 
packages.  These packages use multivariate statistics to separate samples based on 
ARISA peak data and determine the most influential peaks and experimental factors 
describing sample differences.   
 
Diversity number 
 
A summary of bacterial and fungal diversity based on diversity number for the 
hybrid poplar tree and media samples is shown in Table 6.  Calculated confidence 
interval values were high in many of the samples showing that even within the same 
tissues of replicate trees there was great variation in overall diversity.  Variation was 
especially high in the fungal data where the 95% confidence interval was higher than the 
average value in several cases.  This shows that although fungal diversity within 
individual samples was relatively low, fungal diversity between trees and between the 
different tissues of trees was high. 
The overall average bacterial diversity by diversity number was 46 for all samples 
tested within the hybrid poplar study.  This means that 46 different species or groups of 
bacteria were seen in the average sample.  However, this does not give any indication of 
whether these are the same species from sample to sample.  Overall fungal diversity was 
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Table 6. Microbial diversity in hybrid poplar samples by diversity number. Average 
values were calculated from four replicate tree samples in each treatment for each 
tissue type. Variation is represented by the 95% confidence interval of these 
samples 
 
Treatment Sample Bacteria Fungi Avg. 95% CI Avg. 95% CI 
PEAT          
Trees 1-4 
Leaf 75.8 23.7 7.3 2.6 
Stem 32.8 22.9 3.3 1.7 
Root 61.8 17.8 8.3 3.1 
Media 70.3 7.8 21.3 7.4 
Dosed PEAT          
Trees 5-8 
Leaf 19.4 4.3 6.6 7.0 
Stem 29.8 12.8 1.8 0.5 
Root 51.4 22.9 4.2 7.1 
Media 73.6 12.3 12.4 6.1 
SOIL          
Trees 9-12 
Leaf 24.8 11.4 8.8 13.3 
Stem 43.0 23.9 1.8 0.9 
Root 64.0 23.0 7.0 2.7 
Media 47.5 20.8 7.3 1.2 
Dosed SOIL          
Trees 13-16 
Leaf 22.4 17.7 2.0 2.0 
Stem 28.4 22.4 2.4 3.1 
Root 50.6 32.6 2.6 1.5 
Media 46.2 27.1 3.0 1.8 
 
significantly lower than the bacterial diversity with an average diversity number of 6.2.  
This shows that bacterial diversity was significantly higher than fungal diversity within 
the average hybrid poplar sample. 
Bacterial diversity was observed to be different depending on the tissue that was 
sampled.  Media samples showed the highest bacterial diversity with an average of 59 
species.  Diversity in the media was also higher in the PEAT trees compared to the SOIL 
trees with 72 species in the PEAT media and 46 species in the SOIL media.  Higher 
bacterial diversity in the media samples would be expected since this is an environment 
conducive to bacterial growth and competition.  These data show that the potting media 
used in the PEAT trees stimulated greater bacterial diversity than the SOIL media. 
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Bacterial diversity in the roots was also high with an average of 57 species in the 
hybrid poplar samples.  Root diversity is likely higher because this value includes 
bacteria associated with the root surface as well as endophytic bacteria within the roots.  
A decrease in bacterial root diversity was seen with the addition of TCE in both PEAT 
and SOIL trees.  However, this decrease was not significant based on the confidence 
intervals calculated. 
Bacterial diversities observed in the leaf and stem samples were both very similar 
with 35 and 33 species, respectively.  A decrease in bacterial diversity was seen with the 
addition of TCE in the leaf, stem, and root samples of both PEAT and SOIL trees.  
However, due to high statistical variability, only the leaves of the PEAT trees showed a 
statistically significant decrease in bacterial diversity with the addition of TCE.  This 
change in bacterial diversity number with the addition of TCE for the PEAT and SOIL 
trees is shown in more detail in Figures 29 and 30, respectively. 
The results in Figure 29 show that although bacterial diversity was higher in all 
the tissues of the PEAT trees compared to the dosed PEAT trees, diversity was not 
significantly different in the stem, root, or media samples.  Only the leaves showed a 
significant difference in diversity with TCE dosing.  TCE concentrations in these same 
leaf samples were lower than the other tissues of these trees and would not explain this 
effect.  However, elevated concentrations of the TCE metabolites TCEtOH and TCAA 
were observed in the leaves, especially TCAA, and could be responsible for this decrease 
being observed in the leaf tissue of the PEAT trees.  This decrease in bacterial diversity 
also corresponds with the decrease in quantity observed for these leaf samples.  A similar 
decrease in quantity was observed in the stem samples of the PEAT trees, but this is not 
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Figure 29. Bacterial diversity number for PEAT vs. Dosed PEAT hybrid poplar 
samples based on sample tissue type. Error bars represent the 95% 
confidence interval of samples from four replicate trees. 
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Figure 30. Bacterial diversity number for SOIL vs. Dosed SOIL hybrid poplar 
samples based on sample tissue type. Error bars represent the 95% 
confidence interval of samples from four replicate trees. 
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reflected in the diversity results.  This suggests that the accumulation of TCE metabolites 
in the leaves of the PEAT trees may have had a greater effect on diversity than the 
decrease in quantity that was observed in the qPCR data. 
The results in Figure 30 for the SOIL trees show that there was a higher average 
diversity number observed in stem and root samples when compared to dosed SOIL trees 
and almost identical diversity in the leaf and media samples.  These differences observed 
in the stem and root samples were not significant based on the 95% confidence intervals 
shown.  The lack of a decrease in diversity number for the SOIL leaf samples with TCE 
dosing again supports the theory that endophytes in these trees were better adapted to 
growth in the presence of TCE.  Similar accumulation of the TCE metabolites TCEtOH 
and TCAA was observed in these samples, as well as significant decreases in the quantity 
of bacteria with the addition of TCE.  The only major difference was the media these 
trees were planted in, the water these trees were fed, and the accompanying 
microorganisms that these trees were exposed to in the media and water.  Comparing the 
results from PEAT treatments in Figure 29 to the SOIL treatments in Figure 30 also 
showed a difference in the diversity number for media samples.  Higher bacterial 
diversity was observed in PEAT and dosed PEAT media compared with that seen in 
SOIL and dosed SOIL media.  This corresponds with increased quantities of bacteria that 
were observed in these samples with qPCR and shows that diversity as well as quantity 
are higher in the PEAT media, which is more favorable for bacterial growth and 
competition. 
Fungal diversity was also observed to be different depending on the tissue that 
was sampled.  Media samples again showed the highest diversity number with an overall 
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average of 11.0 fungal species.  Diversity in the media was higher for fungi in the PEAT 
treatments compared to the SOIL treatments with an average of 16.9 species in the PEAT 
and dosed PEAT media and 5.2 species in the SOIL and dosed SOIL media.  This shows 
that the potting media of the PEAT trees was better than the SOIL media for the 
development of fungal diversity as well as bacterial.  Fungal diversity in stem samples 
was the lowest with an average diversity number of 2.3.  A significant decrease was seen 
with the addition of TCE in the root and media samples for the SOIL trees, but no 
significant differences were observed in any of the tissues of the PEAT trees.  These 
differences in fungal diversity number with the addition of TCE for the PEAT and SOIL 
trees are shown in more detail in Figures 31 and 32, respectively. 
The results in Figure 31 for fungal diversity in the PEAT treatments show that 
there was a higher average diversity number observed in all PEAT samples compared to 
dosed PEAT samples.  However, none of the differences observed in these samples were 
significant based on the 95% confidence intervals shown.  Fungal diversity numbers 
corresponded with fungal quantity numbers with the highest values seen in the media 
samples and the lowest values seen in the stem samples.  However, a significant decrease 
in diversity was not observed in the leaf and stem samples with the dosing of TCE.  
These results show that the accumulation of TCE metabolites in the leaves of the dosed 
PEAT trees had no significant effect on fungal diversity.  This suggests that the fungal 
species present in the PEAT and dosed PEAT trees were more stable than the bacterial 
species when TCE was dosed. 
The results in Figure 32 for fungal diversity in the SOIL treatments show that 
there was a higher average diversity number observed in the leaf, root and media SOIL 
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Figure 31. Fungal diversity number for PEAT vs. Dosed PEAT hybrid poplar 
samples based on sample tissue type. Error bars represent the 95% 
confidence interval of samples from four replicate trees. 
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Figure 32. Fungal diversity number for SOIL vs. Dosed SOIL hybrid poplar 
samples based on sample tissue type. Error bars represent the 95% 
confidence interval of samples from four replicate trees 
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samples compared to dosed SOIL samples.  Variation in the leaf samples was again 
relatively high compared to the other tissues, while stem samples showed low diversity 
numbers.  Dosed SOIL samples actually showed low fungal diversity in all the samples 
and no differences based on sample type.  Fugal diversity numbers in SOIL root and 
media samples were significantly higher than in corresponding dosed SOIL samples 
suggesting that the dosing of TCE had an effect on the fungal diversity that developed in 
the subsurface portion of these trees.  The more difficult growing conditions seen in the 
sand/soil mix of the SOIL media may have made these fungi more sensitive to any added 
stresses that were introduced by the dosing of TCE.  There was also no correlation to 
fungal quantities as no significant difference in quantity was observed in any of the SOIL 
samples with the dosing of TCE. 
Diversity numbers for additional samples from the hybrid poplar study, as well as 
samples from OU2 cuttings grown in the greenhouse and trees growing at OU2 were also 
determined.  Bacterial diversities for OU2 poplar cuttings grown in the greenhouse were 
very similar to those seen in the non-dosed PEAT hybrid poplars, with only the root 
samples showing increased diversity (75 species).  Fungal diversities in these trees were 
low for leaf and stem samples just like in the hybrid poplars, but were higher in the root 
and media samples with 21 and 40 species observed, respectively.  Overall, bacterial and 
fungal diversities in the samples from OU2 cuttings grown in the greenhouse were 
similar to those seen in the hybrid poplars, except in the case of root tissue where 
diversity of the OU2 cuttings was greater than the hybrid poplars.  This greater diversity 
suggests that endophytic root bacteria and fungi were transferred from the parent tree in 
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the original cuttings.  The roots of these OU2 trees may also have grown differently than 
the hybrid poplar trees allowing for the development of greater microbial diversity. 
Bacterial and fungal diversities were high in feed water samples, potting media, 
and groundwater samples from OU2.  Feed water bins with TCE addition showed a large 
decrease in fungal diversity, and diversity in the OU2 soil/sand mix was much lower than 
in the potting media.  These data show that a diverse community of bacteria and fungi 
was available to the trees grown in the greenhouse through the feed water and media they 
were potted in.  Diversity was also determined for hybrid poplar and OU2 cuttings before 
growth and was found to be relatively high (73 to 96 bacterial species and 13 to 32 fungal 
species).  This shows that the parent tree is also a potential source of bacterial and fungal 
diversity in trees grown in the greenhouse.  Diversities are likely higher in the natural 
environment compared to the greenhouse environment due to greater exposure to 
microbes and more diverse environmental conditions. 
Leaf samples collected from poplar and willow trees at OU2 showed very similar 
bacterial diversity with an average of 45 species detected.  Only Poplar 3 showed 
significantly lower diversity with 25 bacterial species.  Fungal diversity in these samples 
showed a difference between the two species of trees with 50 average species detected in 
poplar leaves and only 4.8 average species detected in the willow leaves.  This shows that 
differences in diversity should be expected between different species of trees, even if they 
are closely related and growing under the same environmental conditions.  Stem samples 
collected from poplar and willow trees at OU2 showed high bacterial diversity with an 
average of 123 species detected.  Fungal diversity in these samples was extremely 
variable ranging from 8 to 253 species detected.  This again show the greater microbial 
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diversity in the natural environment compared to the greenhouse environment.  However, 
these diversity numbers, especially for fungi, are suspect due to potential growth on these 
samples after storage.  A summary of the diversity numbers for all samples analyzed by 
ARISA is shown in Table E-1 of the Appendix. 
 
Similarity indices 
 
To compare the overall diversities described in the previous section from sample 
to sample, individual peaks were compared and the percentage of peaks that two samples 
had in common were determined.  This Sorensen Similarity Index was calculated for 
samples collected from hybrid poplar study trees, as well as other samples collected in 
this study.  A summary of the average similarity index values calculated for the hybrid 
poplar trees within each of the four different treatments is shown in Table 7.  A summary 
of average similarity index values between each of the four different treatments is shown 
in Table 8.  In these tables, similarity index values were averaged across all treatments as 
well as within each treatment (shown as group) and then further broken down by tissue 
type within each group. 
Similarities were highest between the leaves and stems of the same tree and 
between the roots and media of the same tree.  Similarities between the above ground 
portion (leaves/stem) and the subsurface portion (roots/media) of the same tree, however, 
were generally low.  Similarities were also high in leaves and stems across trees and 
treatments and in roots and media across trees and treatments.  Values were generally 
higher when tissue types were separated as compared to the “all” category that combined 
all the tissue types in each group.  This shows that tissue type was an important factor in  
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Table 7. Average Sorensen similarity index values calculated within treatments 
 
Group Sample Average Similarity Index Bacteria Fungi 
All          
Treatments 
All 0.14 0.06 
Leaf 0.21 0.14 
Stem 0.23 0.08 
Root 0.19 0.07 
Media 0.16 0.05 
PEAT 
All 0.18 0.19 
Leaf 0.26 0.57 
Stem 0.24 0.30 
Root 0.37 0.13 
Media 0.21 0.18 
DOSED   
PEAT 
All 0.15 0.04 
Leaf 0.21 0.11 
Stem 0.18 0.17 
Root 0.20 0.02 
Media 0.31 0.08 
SOIL 
All 0.14 0.04 
Leaf 0.27 0.12 
Stem 0.24 0.06 
Root 0.25 0.09 
Media 0.12 0.05 
DOSED   
SOIL 
All 0.15 0.05 
Leaf 0.19 0.15 
Stem 0.22 0.11 
Root 0.22 0.11 
Media 0.23 0.00 
 
determining what microbial community developed in each sample.  Values in Table 7 
were also generally higher when each treatment was averaged compared to when all 
treatments were combined in the “All Treatments” group. 
The within treatment data shown in Table 7 is broken down into further detail for 
PEAT and SOIL treatments in Figures 33 and 34, respectively.  Error bars are not 
included in these figures due to high variability in the data, and while statistically 
significant differences between data points cannot be determined, general trends may still 
be observed.  Standard deviations calculated for similarity index data were generally high 
compared to average values, while 95% confidence intervals based on the standard  
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Table 8. Average Sorensen similarity index values across treatments 
 
Group Sample Average Similarity Index Bacteria Fungi 
PEAT                     
vs.                     
DOSED PEAT 
All 0.15 0.05 
Leaf 0.15 0.09 
Stem 0.22 0.08 
Root 0.21 0.10 
Media 0.24 0.07 
PEAT                     
vs.                     
SOIL 
All 0.13 0.04 
Leaf 0.21 0.12 
Stem 0.26 0.02 
Root 0.16 0.10 
Media 0.11 0.07 
PEAT                     
vs.                     
DOSED SOIL 
All 0.14 0.06 
Leaf 0.20 0.23 
Stem 0.24 0.00 
Root 0.15 0.04 
Media 0.11 0.04 
DOSED PEAT                     
vs.                     
SOIL 
All 0.13 0.06 
Leaf 0.21 0.07 
Stem 0.23 0.13 
Root 0.11 0.06 
Media 0.11 0.04 
DOSED PEAT                     
vs.              
DOSED SOIL 
All 0.13 0.06 
Leaf 0.19 0.08 
Stem 0.22 0.12 
Root 0.13 0.07 
Media 0.11 0.02 
SOIL                     
vs.                     
DOSED SOIL 
All 0.15 0.05 
Leaf 0.27 0.12 
Stem 0.27 0.04 
Root 0.26 0.06 
Media 0.17 0.05 
 
deviation were low due to the number of similarity indices being compared.  For 
example, the bacterial index for all samples in the PEAT treatment was calculated from 
120 values and had a standard deviation of 0.10 and a 95% confidence interval of 0.02. 
Figures 33 and 34 show similar trends for both PEAT and SOIL treatment 
samples.  Both treatments show higher similarity indices for non-dosed trees in leaf, 
stem, and root samples and higher similarity for the dosed trees in media samples.  This 
suggests that endophytic bacterial diversity actually increased with the dosing of TCE. 
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Figure 33. Within treatment bacterial similarity index values for PEAT vs. Dosed 
PEAT hybrid poplar samples based on tissue type. 
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Figure 34. Within treatment bacterial similarity index values for SOIL vs. Dosed 
SOIL hybrid poplar samples based on tissue type. 
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Comparing this data to diversity number data shows that the general effect of TCE dosing 
was to lower within sample diversity and increase between sample diversity from the 
same tissue/treatment, except in the media where between sample diversity decreased. 
The purpose of the similarity index calculation was to determine if a difference 
could be seen when within treatment similarities were compared to between treatment 
similarities.  If within treatment similarities were significantly higher, then it could be 
concluded that the treatment type had a significant influence on the microbial community 
that developed in the hybrid poplar trees.  A comparison of bacterial within treatment and 
between treatment similarity index values is shown in Figure 35. 
The average bacterial within treatment similarity for all samples was 0.15 
compared to 0.14 between treatments, and this difference was not statistically significant 
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Figure 35. Within treatment vs. between treatment bacterial similarity index 
values for hybrid poplar samples based on tissue type. Error bars represent 
the 95% confidence interval of treatment variation. 
 
 106
 
based on the 95% confidence intervals shown.  Within treatment similarity indices shown 
in Figure 35 were higher in the leaves, roots, and media compared to the between 
treatment indices, which were only higher in the stems.  However, none of these 
differences were statistically significant based on the 95% confidence intervals shown.  
No significant effect could therefore be determined for the dosing of TCE in either 
treatment using the bacterial similarity index data. 
Fungal similarity index values were much lower than bacterial values calculated 
within treatments and between treatments.  Variability in fungal similarities was also 
even greater than that observed for bacterial samples.  Due to this variability it is difficult 
to make any conclusions based on the fungal similarity index data.  However, from all 
similarity index data calculated for the hybrid poplar trees it is clear that diversity was 
great between the trees of different treatments as well as within replicate trees of the 
same treatment.  This high diversity would not necessarily be expected, especially in 
genetically identical trees grown in a controlled greenhouse environment.  This shows 
that even very small differences in the environment a tree is growing in can have large 
effects on the microbial community that develops within it. 
Similarity index values for additional samples from the hybrid poplar study, as 
well as samples from OU2 cuttings grown in the greenhouse and trees growing at OU2 
were also determined.  The average bacterial similarity between all samples from OU2 
cuttings grown in the greenhouse and all hybrid poplar samples was 0.13.  For individual 
tissue samples the similarity was 0.21 for leaves, 0.24 for stems, 0.13 for roots, and 0.13 
for media.  This shows that the similarity between endophytic bacteria in the leaves and 
stems of these trees was more similar than in the roots and media.  Similarities in the 
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roots and media were slightly higher when compared to the PEAT trees only (0.17 for 
roots and 0.16 for media), but were still not as high as those observed for the leaves and 
stems (0.20 for leaves and 0.23 for stems).  High similarities in leaf and stem samples 
between hybrid poplar trees and OU2 trees grown in the greenhouse suggests that many 
of the endophytic bacteria in these trees may have come from the immediate growing 
environment. 
The average bacterial similarity among all hybrid poplar samples and feed water 
bin samples was 0.11.  For individual tissue samples the similarity was 0.09 for leaves, 
0.08 for stems, 0.14 for roots, and 0.15 for media.  Higher similarity between the bins and 
the root and media samples suggests that some bacteria are transferred to the trees from 
the feed water, but not many of these are then transferred into the upper tissues of the 
tree.  No significant difference in similarity for the bin water was seen between the PEAT 
and SOIL treatments (0.12 for PEAT and 0.11 for SOIL) showing that significant 
numbers of bacteria from the groundwater collected at OU2 were not transferred to the 
trees.  Even the similarity between samples collected from feed water bins containing 
OU2 well U2-080 groundwater compared to samples collected directly from this 
groundwater showed only a similarity of 0.26.  Two identical samples generally show 
similarities of 0.8 to 0.9, and closely related samples would be expected to show 
similarities of 0.4 to 0.5 or greater. 
Bacterial similarities among hybrid poplar samples and the original potting media, 
OU2 soil and hybrid poplar cutting samples also did not show any significantly high 
values.  Potting media similarity indices were 0.12 between all samples, 0.14 for media 
samples, and 0.16 for PEAT media samples.  OU2 soil similarity indices were 0.11 for all 
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samples, 0.15 for media samples, and 0.20 for SOIL media samples.  Hybrid poplar 
cutting similarity indices were 0.12 for all samples and 0.13 for stem samples. These data 
suggest that neither the media that the hybrid poplar trees were planted in nor the parent 
tree were the main source for the bacterial community that was associated with the tissues 
of the grown trees. 
One of the goals of similarity index analysis was to see if it could be determined 
where endophytic microorganisms may be coming from.  For example, high similarity 
indices between hybrid poplar samples and media or water samples would indicate that 
endophytes were entering the trees from the immediate environment, while high 
similarity indices with samples taken from the original cuttings would indicate a transfer 
of microbes from the parent tree.  Bacterial data showed some similarity between hybrid 
poplar tissues and most environmental samples that were analyzed as well as original 
cuttings, however no significantly high values were observed that would indicate a 
particular source of endophytes from the environment.  This result is actually quite 
interesting and suggests that the endophytic bacteria living within the hybrid poplar 
tissues may have come from a variety of sources.  It is also possible that the quantity of 
endophytes in non-tissue samples are simply below detection and further research needs 
to be done to trace the origins of these microorganisms. 
The extreme variability seen in the fungal similarity index data made it difficult to 
compare samples with any certainty.  Some significantly high similarities were seen 
between tissue samples from hybrid poplar trees and tissue samples from OU2 trees 
grown in the greenhouse, but most fungal similarities calculated were actually 0.  This is 
because there were so few species in either sample being compared (<10) and none of 
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these were in common.  All the similarity index numbers calculated for hybrid poplar 
samples analyzed by ARISA are shown in Table E-2 of the Appendix. 
 
Multivariate analysis 
 
Two statistical software packages were used on the ARISA data to further analyze 
the results.  Sorting and multivariate statistical analysis were first performed on the data 
using the program RiboSort in the statistical package R.  This program organizes the raw 
data into several spreadsheet files and produces multi-dimensional scaling (MDS) plots.  
These plots were generated for both the samples and the individual peaks within the 
samples using two different functions.  MDS plots generated for the hybrid poplar 
ARISA data are shown in Figures 36 – 39.  Figures 36 and 37 show MDS plots of the 
bacterial and fungal ARISA data differentiated by sample.  Figures 38 and 39 show the 
results of the bacterial and fungal ARISA data differentiated by peak. 
To make use of the RiboSort MDS plots generated with the function for 
differentiation by sample, groups of samples should be observed that are separated by 
treatment or some other factor.  If, for example, hybrid poplar tissue samples were 
separated into two distinct groups on the MDS plot and most of the samples with added 
TCE were in one group while the non-dosed samples were in the other group, then it 
could be concluded that TCE addition was a significant factor influencing the makeup of 
the microbial community in these samples. 
Several individual samples in the bacterial MDS plot (Figure 36), such as the 
media of Trees 9, 10, and 13 (9M, 10M, and 13M), are separated from the main group 
showing that these samples had a bacterial community that was significantly different 
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Figure 36. RiboSort MDS plot of bacteria differentiated by sample. 
 
 
 
 
Figure 37. RiboSort MDS plot of fungi differentiated by sample. 
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from the majority of hybrid poplar samples analyzed.  A majority of the samples 
separated from the main group in the fungal MDS plot (Figure 37) were stem samples 
(9S, 16S, 4S, etc.) showing that the fungal community present in the hybrid poplar stems 
was more diverse than that for most other samples. 
The MDS plots differentiated by sample for both bacteria in Figure 36 and fungi 
in Figure 37 show no clear groupings of ARISA peaks based on the treatment they were 
exposed to or any other factor.  Sample points on the bacterial MDS plot were grouped 
more closely together than were those for the fungal MDS plots, but no significant 
separation was observed for either microbial group.  While greater separation of samples 
was often observed in the MDS plots generated for individual tissues, significant 
groupings were still not observed in these plots. 
To make use of the RiboSort MDS plots generated with the function for 
differentiation by species/peak, individual species should be observed that are 
significantly separated from the majority of species.  If, for example, a single peak on the 
MDS plot is separated from all the other peaks seen in a group of samples, then it can be 
concluded that the species represented by that peak had the most significant impact on the 
differentiation of samples.  The MDS plot for bacterial separation based on peak (Figure 
38) shows the bacterial peaks that were the most differentiating in the hybrid poplar 
samples.  The bacterial peaks represented by fragment lengths 225, 301, 302, and 401 
were among the most important in the separation of the hybrid poplar samples. 
The MDS plot for separation of the Fungal ARISA data by peak (Figure 39) also 
showed that several peaks were responsible for the differentiation of the fungal samples.  
About twice as many peaks in the fungal MDS were significantly separated from the 
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Figure 38. RiboSort MDS plot of bacteria differentiated by peak. 
 
 
 
 
Figure 39. Fungal ARISA RiboSort results differentiated by peak. 
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main group showing again that the fungal community was more variable from sample to 
sample than was the bacterial community.  The fungal peaks represented by fragment 
lengths 115, 117, 556, 653, and 654 were among the most significant in the separation of 
hybrid poplar samples.  Many of these same bacterial and fungal peaks were also 
observed in MDS plots that were generated for individual tissues.  Additional RiboSort 
MDS plots generated for each tissue type individually are shown in Figures E-1 – E-16 of 
the Appendix.  These bacterial and fungal fragments were some of the first chosen for 
later cloning and sequencing due to their significant influence on the separation of hybrid 
poplar samples. 
Additional multivariate statistical analysis was performed using the PC-ORD 
statistical analysis software package.  This program generates plots similar to the 
RiboSort MDS plots through non-metric multidimensional scaling (NMS).  However, the 
PC-ORD software has the added ability of determining if different factors were 
significant in differentiating the data through the use of multi-response permutation 
procedures (MRPP).  PC-ORD NMS plots generated for the hybrid poplar ARISA data 
are shown in Figures 40 and 41.  Figure 40 shows the bacterial ARISA data and Figure 
41 shows the fungal ARISA data for all the samples collected from the four different 
treatments in the hybrid poplar study.  A summary table of MRPP data generated is also 
shown in Table 9.  Additional NMS plots generated using PC-ORD for individual tissue 
types within the hybrid poplar samples are shown in Figures E-17 – E-24 of the 
Appendix.  An example of a MRPP analysis output file is also shown in Figure E-25 of 
the Appendix. 
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Figure 40. PC-ORD NMS plot of bacterial ARISA data. Treatments 1, 2, 3, and 4 
represent the PEAT, DOSED PEAT, SOIL, and DOSED SOIL groups of 
trees. 
 
 
 PC-ORD NMS plots are similar to the RiboSort MDS plots generated using the 
function to differentiate ARISA data by sample but use a slightly different method of 
separation.  Three major groups of samples could be observed in the bacterial PC-ORD 
plot shown in Figure 40.  In this plot almost all of the leaf and stem samples were in the 
lower group and almost all of the root and media samples were in the upper two groups.  
This shows that tissue type is an important factor influencing the makeup of the bacterial 
community that develops within hybrid poplar trees.  A significantly different bacterial 
community is observed in the upper tissues of the tree when compared to the lower tissue 
and media. 
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Figure 41. PC-ORD NMS plot of fungal ARISA data. Treatments 1, 2, 3, and 4 
represent the PEAT, DOSED PEAT, SOIL, and DOSED SOIL groups of 
trees. 
 
 
Grouping of samples was more difficult to discern in the fungal PC-ORD plot 
shown in Figure 41.  Separation of samples was very good, but significant groupings of 
samples could not be observed.  Relatively good separation was also observed in both 
bacterial and fungal PC-ORD plots generated for individual tissue types.  While 
significant groups are still not observed in these plots, some separation between samples 
with TCE added and non-dosed samples are observed in several of the plots.  Figure E-24 
shows nearly all TCE dosed samples on the left side and nearly all non-dosed samples on 
the right side.  Similar, although not as pronounced separations, for TCE addition can 
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also be observed in Figures E-18, E-19, and E-23.  These plots suggest that TCE addition 
is also an important factor in the observed microbial diversity of hybrid poplar samples.   
The strength of the PC-ORD software is the ability to further analyze NMS data 
generated in the formation of these plots to determine what factors were most important 
in the differentiation of the data.  MRPP was used to test whether treatment or other 
factors such as tissue type, TCE addition, and media type had a statistically significant 
effect on the microbial community represented in the ARISA data.  Significant factors 
were also determined within each of the four tissue types.  A summary of the MRPP data 
generated using PC-ORD is shown in Table 9.  The P value represents the probability of 
a smaller than or equal delta p, with a value of less than 0.05 meaning that the factor was 
significant in the sample group that was analyzed. 
MRPP analysis with the PC-ORD software was first used to analyze the entire set 
of hybrid poplar samples and determine if the factors tissue type, treatment, TCE 
 
Table 9. PC-ORD MRPP factor analysis of ARISA data. A P value of less than 0.05 
signifies that the factor was significant 
 
Factor Sample P Value Bacteria Fungi 
Tissue All 0.000 0.002 
Treatment All 0.026 0.002 
Treatment Leaf 0.083 0.113 
Treatment Stem 0.850 0.465 
Treatment Root 0.002 0.481 
Treatment Media 0.004 0.004 
TCE All 0.458 0.091 
TCE Leaf 0.238 0.678 
TCE Stem 0.860 0.355 
TCE Root 0.359 0.268 
TCE Media 0.572 0.038 
Media All 0.010 0.003 
Media Leaf 0.127 0.088 
Media Stem 0.313 0.210 
Media Root 0.000 0.317 
Media Media 0.001 0.011 
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addition, or media type were significant.  Tissue type was found to be the most important 
factor influencing diversity of the bacterial community.  Treatment and media also had a 
significant influence, but the effect of TCE was not statistically significant.  The effects 
of the factors treatment and media type on the bacterial community were most significant 
in root and media samples.  Neither factor had a significant effect on the leaves or stems 
of the hybrid poplar trees.  No significant change in bacterial community based on TCE 
addition was observed for any of the individual tissues. 
For the fungal data, tissue type, treatment, and media type were all found to be 
significant factors influencing the diversity of the fungal community.  TCE addition was 
the only factor tested that did not show a significant effect when all hybrid poplar 
samples were analyzed.  For the individual tissues, treatment, TCE addition, and media 
type were all found to be significant factors for the fungal community in media samples, 
but no significant effect was seen in the leaf, stem, or root samples for these factors. 
Overall, it is not surprising that tissue type has an effect on the microbial 
community that develops.  Each tissue provides a very different environment for bacteria 
and fungi to grow in, and a different community would be expected to establish itself in 
each tissue.  The result that media type has an effect on microbial community would also 
be expected, especially in the root and media samples where the environment is directly 
impacted by the media type.  It is interesting that TCE addition did not show a significant 
effect in any of the groups tested, except for fungi in the media.  TCE levels were low 
and were not expected to have a toxic effect on microorganisms, but quantity and 
diversity data suggested that TCE had an effect on the community that developed.  This 
discrepancy could be due to the fact that some TCE was present in the non-dosed SOIL 
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samples, so this factor did not represent whether TCE was present but rather that TCE 
was added to the feed water.  The most significant result observed in the PC-ORD MRPP 
analysis was that treatment had a significant effect on the diversity of both the bacterial 
and fungal communities that developed in the hybrid poplar samples.  This result was 
difficult to observe in either the MDS or PC-ORD plots that were generated, but further 
statistical analysis confirmed this hypothesis.  When looking at the individual tissues, the 
effect of treatment was only seen in root and media samples suggesting that it is more 
difficult to change the endophytic microbial community within the hybrid poplar trees 
than it is to change the community in and around the tree roots. 
 
Cloning and Sequencing 
Cloning and sequencing was performed in order to identify several of the ARISA 
peaks representing endophytic microorganisms.  ARISA fragments were chosen for 
identification based on the RiboSort results, their prevalence in hybrid poplar samples, 
and their size (peak height and area) on the electropherogram.  Peaks for cloning and 
sequencing were first selected based on the previously described RiboSort results, which 
identified the most discriminating ARISA fragments.  These peaks were then investigated 
to determine if they were observed in many of the hybrid poplar samples and at high 
relative concentrations to ensure that cloning would be successful.  Twelve peaks were 
chosen (eight bacterial and four fungal) for identification, and 12 clones were made from 
the DNA of each of these peaks for a total of 144 clones.  Of these clones, 96 were 
sequenced with 80 of these resulting in sequences that could be used to identify the 
endophytic microorganisms represented by their ARISA peaks.  Only leaf and stem 
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samples were selected so that primarily endophytic microbes would be identified.  Table 
10 gives a summary of the peaks that were sequenced and the sequence that they most 
closely matched in the NCBI nucleotide database using BLAST. 
Several of the bacterial clones showed no significant match in the database.  This 
was observed in the sequenced clones for the leaves of Tree 1 and the stems of Trees 4, 7, 
and 14.  These sequences represent microorganisms in which the intergenic spacer region 
has not previously been sequenced and submitted to the database.  The ends of each of 
these sequences, which represent small segments of the 16S and 23S genes, showed  
 
Table 10. Sequence results from ARISA peak cloning. Lengths are shown in nucleotide 
base pair and similarities are calculated using NCBI BLAST 
 
Tree Sample Length w/ Primers 
Length 
w/out 
Primers 
Closest Sequence Match             
(% Similarity) 
# Clones 
Matching 
1 Leaf 502/503 467/468 None 7 
1 Leaf 493 458 beta proteobacterium (81) 1 
3 Leaf 753/754 718/719 Delftia acidovorans (99) 8 
3 Leaf 402 367 Pseudomonas putida (99) 1 
4 Stem 300/301 265/266 Propionibacterium acnes (98) 5 
4 Stem 334 299 Rubrobacter xylanophilus (76) 3 
4 Stem 319 284 None 1 
4 Stem 438 403 Marinomonas (97) 2 
4 Stem 359 324 Streptococcus thermophilus (96) 1 
4 Stem 430/431/432 395/396/397 Pseudomonas putida (97) 3 
4 Stem 400 365 Streptomyces scabiei (87) 1 
5 Stem 382/383 347/348 Marinomonas (100) 2 
5 Stem 367 332 Streptococcus agalactiae (100) 5 
5 Stem 358/359 323/324 Streptococcus agalactiae (91) 2 
5 Stem 385 350 Streptococcus agalactiae (91) 1 
7 Stem 228/229 193/194 None 7 
12 Leaf 591 556 Pseudomonas putida (97) 2 
12 Leaf 582 547 Pseudomonas putida (95) 1 
12 Leaf 555/556 520/521 Pseudomonas putida (98) 3 
14 Stem 591 556 Pseudomonas putida (97) 3 
14 Stem 557 522 Pseudomonas putida (100) 1 
14 Stem 521 486 Pectobacterium carotovorum (85) 1 
14 Stem 566 531 None 2 
14 Stem 517 482 None 1 
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many significant matches to sequences in the database, but there was no match to the 
intergenic region.  It is likely that these sequences represent novel endophytic bacteria 
that have not previously been described. 
Several of the bacterial clones that are identified in Table 10 showed significant 
similarities to sequenced genomes and/or uncultured clones in the database that have not 
been previously identified as endophytic bacteria.  These clones include the beta 
proteobacterium observed in the leaves of Tree 1, the Rubrobacter xylanophilus, 
Marinomonas, and Streptococcus thermophilus observed in the stems of Tree 4, the 
Streptococcus agalactiae observed in the stems of Tree 5, and the Pectobacterium 
carotovorum observed in the stems of Tree 14.  It is likely that these bacteria have either 
not previously been observed in the endophytic environment or are newly identified 
endophytes that are closely related to the bacteria matched in the database. 
The remaining bacterial clones identified in Table 10 represent matches to 
bacteria in the database that have previously been identified as endophytes.  These 
include the Delftia acidovorans and Pseudomonas putida observed in the leaves of Tree 3 
and the Propionibacterium acnes and Streptomyces scabiei observed in the stems of Tree 
4 (Rajkumar, Ae, and Freitas, 2009; Sessitsch et al., 2002; Sun et al., 2008; Weyens et al., 
2009).  Overall, four out of 10 of the identified bacterial clone matches and four out of 15 
of all the different cloned bacterial sequences identified were matched to known 
endophytes.  Pseudomonas putida has even been previously described in poplar trees in 
the context of phytoremediation (Weyens et al., 2009). 
Of the four fungal peaks that were chosen, only two were successfully cloned and 
sent for sequencing.  All fungal clones, as well as one of the bacterial clones, sequenced 
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matched the complete genome of Populus deltoides.  Because this represents 
amplification of DNA from the hybrid poplar tree, no sequence data were obtained for 
these ARISA peaks.  Low concentrations of DNA in these samples are likely the cause of 
this nonspecific amplification of the poplar genome.  Fungal DNA recovered for cloning 
and sequencing was significantly lower in concentration when compared to bacterial 
DNA and this nonspecific amplification of the poplar genome was only observed when 
ARISA primers were used for cloning and sequencing. 
 
UV Sterilization 
 An experiment was conducted to determine how much of the DNA in tree 
samples analyzed was present in microbial cells on the surface rather than in endophytes 
within the tissue.  Leaf and stem samples from a hybrid poplar at Evans Research Farm 
were collected, and part of these samples were then exposed to sufficient ultra violet light 
to destroy most microbial cells and the DNA present on the surface of these samples.  A 
summary of the results from this experiment is shown in Table 11.  Values represent log 
of concentration in copies of DNA per gram averaged over three replicate samples. 
 
Table 11. Hybrid poplar leaf and stem DNA concentrations after UV exposure. Average 
values are calculated from triplicate samples and variation is represented by the 
95% confidence interval of these replicates 
 
Sample Archaea (log copies/µL) Bacteria (log copies/µL) Fungi (log copies/µL) Avg. 95% CI Avg. 95% CI Avg. 95% CI 
Leaf 4.61 0.78 9.72 0.22 9.67 0.16 
Leaf + UV 4.24 0.45 9.21 0.35 8.99 0.37 
Stem 4.63 0.51 8.53 0.15 8.57 0.12 
Stem + UV 4.79 0.16 8.44 0.17 8.65 0.13 
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Fungal DNA concentration in the leaves was the only quantity that showed a 
significant decrease after UV sterilization.  No statistically significant change was seen in 
the archaeal or bacterial concentration of DNA in the leaves.  Although a decrease was 
seen in fungal leaf DNA concentration, a significant proportion of endophytic DNA was 
still observed based on the data collected.  There was no significant change seen in any of 
the stem samples analyzed, showing that most of this DNA was endophytic.  Data in 
Table 11 are broken down into further detail in Figures 42, 43, and 44. 
Archaeal concentration data (Figure 42) show that there was no significant change 
in DNA concentration for leaf or stem tissue after surface sterilization.  A small decrease 
in leaf concentration was observed, but this was not statistically significant based on the 
95% confidence intervals shown.  Bacterial data (Figure 43) show a decrease in both leaf 
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Figure 42. Archaeal DNA concentration in leaf and stem tissue samples with and 
without UV surface sterilization. Error bars represent the 95% confidence 
interval of three replicate samples. 
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Figure 43. Bacterial DNA concentration in leaf and stem tissue samples with and 
without UV surface sterilization. Error bars represent the 95% confidence 
interval of three replicate samples. 
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Figure 44. Fungal DNA concentration in leaf and stem tissue samples with and 
without UV surface sterilization. Error bars represent the 95% confidence 
interval of three replicate samples. 
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and stem DNA concentration with UV treatment, but these changes again were not 
statistically significant.  Fungal data (Figure 44) show a statistically significant decrease 
in leaf DNA concentration with UV treatment and no change in stem DNA concentration.  
This shows that the fungi associated with the surface of these hybrid poplar leaves 
accounted for a significant portion of the fungal DNA present. 
Overall, these data show that although some of the microbial DNA extracted from 
hybrid poplar leaves and stems may have been associated with the surface, especially in 
leaf samples, most of this DNA represented microbial endophytes.  Media and root 
samples were not analyzed for surface microbes by UV sterilization.  Significant 
quantities of endophytes would not be expected in media samples and are more difficult 
to distinguish in root samples without thorough washing.  Root washing was not 
performed because all microbes associated with the roots were thought to be valuable in 
this study. 
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CONCLUSIONS 
 The effective remediation of TCE is a major priority for contaminated sites at 
HAFB and all over the industrialized world where this chemical has found its way into 
the environment.  The use of phytoremediation as part of a remediation strategy is an 
appealing option, and the trees at HAFB have been studied both to predict the extent of 
contamination and to determine their role in the removal of TCE from the subsurface. It 
was observed at HAFB OU2 that concentrations of degradation products within trees 
were not consistent with those observed in the nearby groundwater.  It was hypothesized 
that the endophytic microbial community present within these trees may be contributing 
to degradation and/or metabolism of TCE, and differences in endophytic communities 
may be contributing to the inconsistent TCE degradation product and metabolite 
concentrations observed. 
 The hybrid poplar study completed in this research was designed to determine if 
the microbial community present within hybrid poplar trees would change in response to 
TCE exposure.  Before the hybrid poplar greenhouse study was begun, several smaller 
studies were performed to determine if DNA from trees could be successfully extracted 
and analyzed using molecular methods.  From the “proof of concept” study it was 
determined that not only could the DNA of microorganisms in these trees be detected in 
tree tissue samples, but that this DNA was present in relatively high concentrations.  
Significant concentrations of bacteria and fungi were observed in all samples analyzed 
and even archaea were observed in several samples.  After it was determined that the 
overall concept was possible, the next major step was refining methods used to increase 
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extraction efficiency for accurate and reproducible measures of microbial quantity and 
diversity. 
 From the “selection of extraction method” study the optimum method for 
extraction of DNA was determined.  Data from this experiment showed that the plant 
extraction kit could be successfully used on water and soil in addition to plant samples in 
order to decrease variability associated with the use of different kits on different sample 
types.  Data also showed that an additional clean-up step was necessary in generating 
quality results for both the quantity and diversity of the microbial community.  One thing 
that became evident from all of the preliminary work done was that high variability in the 
microbial molecular data would make finding a correlation between TCE and the 
microbial community difficult.  Because of this, an emphasis was placed on replication 
and controlling of the environment for hybrid poplar trees in the main study. 
Hybrid poplar trees were grown in a controlled greenhouse environment, and 
replication was used to reduce the natural variation that occurs due to differing 
environmental factors.  Concentrations of TCE, its anaerobic degradation products, and 
its metabolites were measured in these trees.  DNA was extracted from the different 
tissues and amplified to determine the quantity and diversity of the microbial community 
present.  Collected data were then analyzed to determine if there was a correlation 
between TCE treatment and the microbial community present in the hybrid poplar trees. 
Results from TCE degradation product and metabolite analyses were collected at 
the completion of the hybrid poplar study using GC/MS and revealed several things.  
First, these data showed that TCE was successfully delivered to all the tissues of the trees 
that were dosed.  Observed concentrations were highest in the root tissue and media and 
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decreased up the tree toward the leaves.  No VC and only small concentrations of cis-
DCE were seen in the hybrid poplar samples, with the cis-DCE primarily being observed 
in SOIL trees that were exposed to some cis-DCE in their feed water from OU2.  This 
shows that anaerobic microbial degradation was not likely a major factor contributing to 
TCE transformation within these hybrid poplar trees. 
For the metabolite analysis, no significant concentrations of MCAA or DCAA 
were observed in any of the hybrid poplar samples.  However, elevated concentrations of 
TCAA in the leaf samples of dosed trees and TCEtOH in leaf, stem, and root samples of 
dosed trees were observed.  These results show that the hybrid poplar trees were actively 
metabolizing TCE to TCAA and TCEtOH.  The presence of the metabolites in root and 
stem samples also suggests that this metabolism was occurring throughout the tree with 
subsequent transport to the leaves where some accumulation was observed. 
Further work is needed in refining the metabolite extraction method in order to 
decrease variability and background interference in the data.  Increasing replication of 
metabolite samples as well as the extraction efficiency and purity of the final product to 
be analyzed would allow for better comparisons between metabolite concentrations to be 
made.  A method for extracting and analyzing glycosated TCEtOH would also help 
complete the metabolite analyses by determining if a significant amount of TCE is being 
transformed to this product. 
Microbial quantities of archaea, bacteria, and fungi were successfully determined 
by amplifying extracted DNA using qPCR.  All three groups of microbes were observed 
at significant concentrations in all samples analyzed.  Archaea were seen at the lowest 
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concentrations and were especially low in stem and leaf samples.  Further work should be 
performed to identify endophytic archaea present in hybrid poplar tissues. 
Bacteria and fungi were both seen in relatively high concentrations in all the 
hybrid poplar samples that were analyzed.  An interesting effect was observed in the leaf 
and stem samples where there was a statistically significant decrease in microbial 
concentration with the addition of TCE for PEAT trees.  This trend was not seen with 
TCE addition in the SOIL trees.  This effect was especially pronounced for.  The lack of 
change observed in SOIL trees suggests that the microbial community present in these 
trees was less impacted by TCE addition, having come from OU2 soil and groundwater, 
and were already adapted to a TCE exposed environment.  Decreases in the quantity of 
microorganisms due to toxic effects from TCE would not be expected at the low 
concentrations (5 mg/L) used in this study, but further work could be done to confirm 
this. 
Quantity results performed for AMF showed that these fungi were present in all 
root and media samples, but those fungi seen in the stem and leaf samples were not 
closely related to AMF.  These results suggest that although AMF could be important in 
the fate of TCE within these trees, there are many other fungi present that must also be 
considered.  Additional samples taken from media before growth, feed water bins, 
groundwater wells, cuttings, and OU2 trees all showed significant concentrations of 
archaea, bacteria, and fungi.  Concentrations in additional tree tissues analyzed were 
generally similar to those seen in the hybrid poplar tree tissue samples. 
Microbial diversity analysis in hybrid poplar samples was performed using 
ARISA.  These data were reduced for further analysis using three methods.  Overall 
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diversity was determined by diversity number, diversity between two samples was 
compared using a similarity index, and the microbial community present in all samples 
was compared with multivariate statistics.  Results for diversity number showed that 
bacterial diversity was higher than fungal diversity in hybrid poplar samples with an 
average of 46 bacterial species seen compared to only six fungal species.  Although more 
diversity was observed in the media/root environment in most samples, significant 
bacterial diversity was also observed in all stem and leaf samples analyzed.  Fungal 
diversity was low in these samples, especially in the stems. 
Similarity index results showed high variability in the diversity of samples when 
compared between treatments as well as when replicate samples were compared within 
treatments.  The highest similarities were seen between samples of the same tissue 
showing that tissue type was a significant factor in determining what microbial 
community developed in each sample.  Within treatment similarities were generally 
higher than between treatment similarities suggesting that treatment had an effect on the 
microbial community, but high variability in the data made it difficult to determine if this 
effect was significant.  Further research is needed to confirm that this variability is truly 
due to the microbial diversity present in these samples and not just from error in the DNA 
extraction, PCR amplification, and ARISA analysis.  The ability to directly sequence 
ARISA peaks as they came off the instrument would allow for this and much other useful 
information to be determined, but this capability is not currently available. 
Fungal similarities were much lower than bacterial similarities showing that 
although fungal diversity within each sample was low, the overall fungal diversity was 
still high.  Variability in fungal ARISA data was also even higher than bacterial data and 
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made drawing conclusions based on these results very difficult.  Further work needs to be 
performed on the DNA extraction and PCR amplification of fungal DNA to increase 
sensitivity of the ARISA analysis.  Increased fungal DNA concentrations, as well as 
further refinement of fungal ARISA primers would allow for much more information to 
be gathered on the fungal community present in the hybrid poplar trees.  The 
development of archaeal ARISA primers would also allow for the diversity of this 
microbial group to be analyzed, which could be important. 
The relatively low similarity seen in all samples regardless of treatment shows 
that even very small differences in the environment a tree is growing in will have a large 
effect on the microbial community that develops.  It is not surprising therefore that 
similarity was also low when hybrid poplar samples were compared to OU2 tree samples.  
Some similarity was seen in these samples as well as in the media, groundwater, feed 
water, and cuttings, but none were significantly high.  No main source of microbes in the 
hybrid poplars could therefore be identified, but some similarity to all of these samples 
suggests that the microbial community present in these trees developed from all of these 
sources.  Further work should be conducted to confirm that endophytes in hybrid poplar 
trees originate from the surrounding environment as well as from the parent tree.  
Cloning and sequencing of multiple samples would help in this pursuit, but more 
advanced molecular methods such as microarray or metagenomic analysis would be more 
effective. 
Multivariate statistical analysis was finally used on ARISA data taking advantage 
of the software packages RiboSort and PC-ORD.  RiboSort was extremely useful for the 
sorting and formatting of ARISA data and for the determination of the most important 
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fragments in the differentiation of hybrid poplar samples.  RiboSort MDS plots 
separating by sample did not prove useful in determining if treatment was significant to 
the microbial community, but MDS plots separating by species allowed for peaks to be 
chosen for later cloning and sequencing. 
Plots generated by PC-ORD showed grouping of samples based on tissue type as 
well as separation based on treatment in some cases.  Further analysis using the MRPP 
function showed that tissue type was the most important factor influencing the microbial 
community in the hybrid poplar samples.  Treatment and media type were also found to 
be significant factors in both bacterial and fungal communities.  TCE addition however 
showed no significant effect in nearly all the sample groups that were tested.  When 
tissue samples were analyzed individually, the effect of these factors was reduced in the 
leaves and stems, showing that it was more difficult to change the endophytic microbial 
community within the trees than to change the community in and around the roots.  Any 
future work done to improve the quality and sensitivity of ARISA data would greatly 
improve the usefulness of these multivariate analyses. 
Cloning and sequencing was performed to identify several of the most prominent 
peaks from the ARISA data representing endophytic microorganisms.  Results identified 
15 different bacterial sequences.  Five of these sequences represented bacteria that had 
not previously been described in the database.  Six of these sequences represented 
bacteria that were closely related to sequences present in the database, but were not 
previously thought of as endophytic bacteria.  And, four of the sequences matched 
bacteria in the database that were known to be endophytes.  These bacteria include 
Delftia acidovorans, Propionibacterium acnes, Streptomyces scabiei, and Pseudomonas 
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putida, which had previously been shown to be an endophyte present in poplar trees.  No 
fungal endophyte sequence information was gathered due to amplification of hybrid 
poplar DNA with the fungal ARISA primers.  This nonspecific amplification was likely 
due to the lower concentrations of extracted fungal DNA and was only observed when 
ARISA primers were used for cloning and sequencing.  Further work should be 
completed to improve fungal DNA extraction efficiency and amplification.  Fungal 
endophytes could then be identified by cloning and sequencing and compared to the 
database.  Further identification of ARISA peaks too small to be cloned and sequenced 
would also greatly increase the quality of the results in this study, but would again require 
more advanced molecular methods such as microarray or metagenomic analysis.  These 
advanced molecular methods however were prohibitively costly for this study. 
Finally, a small study was performed after the main hybrid poplar study to 
determine if detected microbes in leaf and stem samples were associated with the surface 
rather then endophytes within the plant tissue.  Results from this “UV sterilization” 
experiment showed that a significant change in the quantity of stem microorganisms 
could not be detected after sterilization.  For leaf samples, there was a significant change 
seen in fungal concentration, but a significant portion of the microorganisms were not 
associated with the surface.  This study confirmed that a significant amount of the 
microorganisms analyzed in the main study were endophytes living within the tissues of 
the hybrid poplar trees, and these endophytes would therefore be in close contact with 
contaminants moving through the trees resulting in the potential for microbial 
transformation and/or degradation. 
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Overall, the results of the hybrid poplar study showed that the treatment each 
group of trees was exposed to had a significant effect on the microbial community that 
developed within the tree tissues.  The community associated with the roots and media of 
trees was affected more by the treatment, but a significant effect was observed in 
endophytes associated with the leaf and stem samples based on both microbial quantity 
and diversity data.  Perhaps the most interesting finding was the sheer quantity and 
diversity of microorganisms that were found associated with all the tissues of the hybrid 
poplars.  The true diversity is likely much greater than can be observed with the methods 
used in this study.  This community may be able to degrade and/or transform many 
contaminants that are introduced into the system, but more research is needed to 
determine the effect of endophytes on contaminants such as TCE. 
The final objective listed at the beginning of this study was to determine the role 
endophytes living within the tissues of poplar trees growing over contaminated soil and 
groundwater at OU2 may be having on the remediation of TCE.  Discovering the answer 
to this however turned out to be much more difficult than first anticipated.  The work 
done in this study shows that the great quantity and diversity of the endophytic 
community within poplar trees is certainly having an effect on this microenvironment, 
but much more research both in the lab and in the field would be needed to determine 
exactly what this effect may be and how it relates to TCE remediation. 
Another interesting topic that needs further research is where the diverse 
community of microbes that become associated with a tree comes from.  Results from 
this study looking at diversity within tree tissues compared to diversity in the parent tree 
and samples taken from the tree’s immediate environment did not show any significantly 
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high similarities, but some similarity was seen in every case.  This suggests that the 
community that develops within the tissue of a tree is affected by the community that was 
present in the parent tree, as well as the community that is present in the environment 
around it (soil, water, and air). 
Another potential cause of the great diversity seen in even replicate hybrid poplar 
trees is a “founder effect.”  When many small samples (i.e., tree cuttings) are taken from 
a single diverse microbial community, the community that develops within those samples 
can vary drastically from sample to sample based on which microbes dominate the new 
environment.  This however, is just further evidence of the ability of nature to form a 
diverse microbial community that is affected by even the smallest of environmental 
factors.  This diversity allows microbial life to better adapt and take advantage of any 
change in the environment. 
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ENGINEERING SIGNIFICANCE 
Bioremediation and phytoremediation of contaminated soil and groundwater are 
cost-effective, publicly accepted, and environmentally friendly methods for the cleanup 
of many different contaminants, including volatile organics such as TCE.  These 
technologies have been shown to be effective in numerous lab experiments and field 
studies, and a combination of the two may be more effective than either by itself. 
Endophytic and plant-associated microorganisms including archaea, bacteria, and 
fungi may be degrading contaminants in the rhizosphere and within the plants themselves 
at higher rates than have previously been observed with bioremediation and 
phytoremediation alone.  These microorganisms may also assist the plant by reducing 
toxicity, allowing for more effective phytoremediation, and decreasing the mass of 
chemicals that are phytovolatilized.  
Results from this study showed that a robust microbial community exists within 
hybrid poplar trees and that in some cases this community changed in both quantity and 
diversity when exposed to TCE.  Archaea, bacteria, and fungi were observed in all the 
tissues of these trees.  These interactions between plants and microbes need further study 
and should be considered when selecting a remediation strategy, especially if that 
strategy involves phytoremediation. 
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PUBLICATIONS 
• Very little data are available in the literature on the quantity of endophytic and 
other plant-associated microorganisms that are present in the different tissues of 
trees.  Data have been published on bacterial endophytes and rhizosphere fungi, 
but this does not show the whole picture of plant microbe interactions.  Results 
from this study will be published showing concentrations of archaea, bacteria, and 
fungi in root, stem, and leaf samples for the hybrid poplars grown in this study.  
Potentially submitted to Environmental Microbiology. 
• The majority of results from this study will be published in an article highlighting 
the differences in the endophytic and plant-associated microbial community 
between the different TCE treatments.  This article will show results from 
quantitative analysis by qPCR as well as diversity analysis by ARISA.  
Correlations between TCE concentrations, microbial quantities, and microbial 
diversity will be shown and the potential for microbial degradation in hybrid 
poplar trees will be discussed. Potentially submitted to Environmental Science 
and Technology. 
• Results from cloning and sequencing will also be published looking more 
specifically at how these groups of bacteria were affected by TCE treatment.  
Sequence data for endophytic ISR’s will be submitted to the NCBI database as 
part of this article.  Potentially submitted to Environmental Microbiology. 
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Appendix A. Results Summary 
Table A-1. Summary of results collected from hybrid poplar study 
 
        (cm) (cm)   (g) (cm2) TCE Concentration               (µg/kg) 
Tree TCE Added 
Media/ 
Water 
Trans-
plant Height 
Base 
Circ. 
Leaf 
# 
Leaf 
Wt. 
Leaf 
Area Leaf Stem Root Media 
1 0 GH 0 223 8.0 900 360 17460 BDL BDL BDL BDL 
2 0 GH 0 280 6.8 514 257 14700 BDL BDL BDL BDL 
3 0 GH 0 274 7.8 381 236 11278 BDL BDL BDL BDL 
4 0 GH 0 151 6.8 268 51 3082 BDL BDL BDL BDL 
5 1 GH 0 241 7.3 389 401 18672 24 609 1112 1746 
6 1 GH 0 166 6.4 553 100 5972 12 850 1379 1148 
7 1 GH 0 303 6.5 338 368 20145 14 357 695 1010 
8 1 GH 0 296 6.5 246 280 13997 12 310 530 838 
9 0 OU2 1 129 4.5 149 25 1445 BDL 5 8 1 
10 0 OU2 1 208 4.6 138 21 1132 BDL 10 5 1 
11 0 OU2 1 188 5.6 248 32 1885 BDL 3 5 1 
12 0 OU2 1 141 5.4 344 14 998 BDL BDL BDL 0 
13 1 OU2 1 138 4.4 283 74 3990 17 2466 781 84 
14 1 OU2 1 107 3.8 82 24 1246 20 1360 108 20 
15 1 OU2 1 89 3.4 68 8 483 41 3710 934 113 
16 1 OU2 1 63 3.5 78 12 585 51 5643 2453 116 
17 0 GH 0 212 6.4 188 30 1861 BDL BDL BDL BDL 
18 0 GH 1 240 5.6 196 210 10878 BDL BDL BDL BDL 
P11 0 GH 1 109 3.7 270 57 3429 BDL BDL BDL BDL 
P13 0 GH 1 152 3.3 260 117 6760 BDL BDL BDL BDL 
P14 0 GH 1 147 3.2 315 158 10112 BDL BDL BDL BDL 
P34 0 GH 1 159 4.5 214 143 7832 BDL BDL BDL BDL 
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Table A-1 Continued 
 
TCAA Concentration     
(µg/kg) 
DCAA Concentration     
(µg/kg) 
TCEtOH Concentration 
(µg/kg) 
Leaf Stem Root Media Leaf Stem Root Media Leaf Stem Root Media 
23 7 8 13 65 19 25 45 20 16 22 26 
- - - - - - - - - - - - 
- - - - - - - - - - - - 
- - - - - - - - - - - - 
342 18 24 24 44 14 22 46 187 68 342 212 
212 12 21 16 44 12 25 835 80 92 367 72 
256 6 12 - 53 302 15 - 156 51 333 - 
221 13 30 - 35 9 24 - 121 76 444 - 
48 3 23 26 77 10 100 42 60 12 74 118 
18 2 18 16 46 5 67 42 42 10 75 272 
62 11 26 - 48 298 5381 - 58 10 81 - 
284 2 154 - 55 7 1781 - 67 10 124 - 
484 6 46 - 87 11 278 - 135 329 1124 - 
345 23 19 - 57 27 77 - 197 534 286 - 
465 45 70 - 75 26 68 - 187 360 279 - 
267 15 38 - 48 21 61 - 160 313 249 - 
- - - - - - - - - - - - 
- - - - - - - - - - - - 
- - - - - - - - - - - - 
- - - - - - - - - - - - 
- - - - - - - - - - - - 
- - - - - - - - - - - - 
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Table A-1 Continued 
 
Bacteria Concentration 
(copies/g) 
Archaea Concentration 
(copies/g) 
Fungi Concentration      
(copies/g) 
Leaf Stem Root Media Leaf Stem Root Media Leaf Stem Root Media 
9.6 8.8 8.8 9.2 4.7 4.3 4.9 6.3 7.5 7.0 7.7 8.8 
9.5 8.7 8.9 9.1 4.8 4.2 4.9 6.1 7.6 7.0 7.7 8.7 
9.7 8.8 8.8 9.2 4.7 4.4 5.0 6.3 7.4 7.0 8.1 8.9 
9.7 8.9 8.8 9.2 4.7 4.4 5.2 6.2 7.3 7.1 8.4 9.0 
8.9 8.0 8.3 9.2 4.4 3.8 4.5 6.1 7.1 6.6 7.6 9.0 
8.9 7.9 8.3 9.2 4.0 3.5 4.6 6.1 6.7 6.5 7.9 9.0 
8.8 7.8 8.6 8.9 4.9 4.2 5.2 6.3 7.4 6.9 8.0 8.9 
8.8 8.2 8.4 8.9 4.9 4.4 5.0 6.4 7.3 6.6 8.0 8.8 
9.1 8.3 8.2 7.8 4.7 5.2 6.0 6.0 7.1 9.7 7.7 7.5 
9.4 8.4 8.3 7.8 5.0 4.7 6.0 5.9 7.2 7.2 7.9 7.4 
9.0 7.9 8.1 7.8 4.4 3.6 5.9 6.0 7.0 6.7 7.8 7.4 
9.9 8.2 8.1 7.8 5.1 4.6 5.6 5.8 7.4 7.0 8.0 7.3 
9.0 8.0 8.1 7.9 4.6 4.4 5.9 6.0 7.1 7.1 8.0 7.4 
9.3 8.3 7.8 7.7 4.8 4.6 5.9 6.1 7.1 7.1 7.7 7.4 
9.5 8.4 8.1 7.7 4.9 4.9 6.1 6.2 7.2 7.3 8.1 7.7 
9.4 8.4 7.8 7.6 5.0 4.9 5.9 6.1 7.4 7.1 7.7 7.5 
8.6 8.1 8.2 9.0 4.5 4.7 5.4 6.5 7.3 7.1 8.2 9.0 
8.8 8.3 8.3 9.0 4.8 4.5 5.7 6.9 7.5 7.8 8.5 9.4 
8.6 8.4 8.8 9.3 4.3 4.0 5.9 7.1 7.2 7.1 8.8 9.5 
9.0 9.0 9.4 9.1 4.1 4.3 5.9 6.9 7.4 7.8 9.1 9.3 
9.1 8.9 9.4 9.3 4.5 4.3 5.9 6.9 7.7 7.8 9.3 9.5 
8.5 8.3 8.9 9.2 4.2 4.0 5.9 6.8 7.2 7.3 8.9 9.4 
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Table A-1 Continued 
 
AMF Concentration      
(copies/g) 
Bacterial Diversity               
(species #) 
Fungal Diversity                    
(species #) 
Leaf Stem Root Media Leaf Stem Root Media Leaf Stem Root Media 
BDL BDL 6.2 6.9 96 66 49 64 7 4 6 25 
BDL BDL 6.3 6.7 66 18 72 75 11 3 11 14 
BDL BDL 6.5 7.0 95 32 44 63 5 5 11 30 
BDL BDL 6.3 7.1 46 15 82 79 6 1 5 16 
BDL BDL 6.2 6.9 18 24 96 96 8 2 1 21 
BDL BDL 6.0 6.9 26 48 41 76 6 2 3 19 
BDL BDL 6.0 6.8 28 28 55 106 18 2 1 15 
BDL BDL 6.0 6.8 25 49 65 90 1 3 16 7 
BDL BDL 6.5 6.1 24 69 99 54 1 2 6 7 
BDL BDL 6.2 6.2 20 47 55 16 2 1 11 9 
BDL BDL 6.6 6.1 14 46 53 59 3 1 5 6 
BDL BDL 6.2 6.2 41 10 49 61 29 3 6 7 
BDL BDL 6.1 6.6 17 56 67 49 5 8 3 5 
BDL BDL 6.6 5.9 31 47 59 73 3 2 3 3 
BDL BDL 6.2 6.2 16 16 39 49 1 1 4 4 
BDL BDL 6.0 6.3 48 23 88 60 1 1 3 3 
BDL BDL 5.9 7.3 15 30 64 72 3 1 2 5 
BDL BDL 6.4 6.9 58 106 85 84 1 3 4 21 
BDL BDL 6.6 7.3 38 32 76 67 6 1 13 19 
BDL BDL 6.9 7.1 18 63 68 51 2 6 15 44 
BDL BDL 7.1 7.2 49 11 87 71 2 6 21 29 
BDL BDL 6.8 7.2 51 25 72 75 1 7 35 71 
BDL = Below Detection Limit 
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Appendix B. TCE Data 
Table B-1. Summary of TCE concentration results from hybrid poplar trees 
 
Tree Treatment Sample Avg. TCE (µg/L) Avg. Dry Wt. % Avg. TCE (µg/kg) 
1 GH Leaf BDL 0.4 BDL 
1 GH Stem BDL 0.4 BDL 
1 GH Root BDL 0.3 BDL 
1 GH Media BDL 0.2 BDL 
2 GH Leaf BDL 0.3 BDL 
2 GH Stem BDL 0.5 BDL 
2 GH Root BDL 0.3 BDL 
2 GH Media BDL 0.2 BDL 
3 GH Leaf BDL 0.3 BDL 
3 GH Stem BDL 0.5 BDL 
3 GH Root BDL 0.4 BDL 
3 GH Media BDL 0.2 BDL 
4 GH Leaf BDL 0.3 BDL 
4 GH Stem BDL 0.4 BDL 
4 GH Root BDL 0.3 BDL 
4 GH Media BDL 0.2 BDL 
5 GH + TCE Leaf 0.4 0.4 24.3 
5 GH + TCE Stem Top 9.1 0.3 353.1 
5 GH + TCE Stem Middle 33.6 0.5 544.3 
5 GH + TCE Stem Bottom 70.6 0.5 609.0 
5 GH + TCE Root 54.0 0.4 1111.8 
5 GH + TCE Media 61.6 0.2 1746.1 
6 GH + TCE Leaf 0.2 0.3 12.3 
6 GH + TCE Stem Top 0.4 0.9 4.7 
6 GH + TCE Stem Middle 23.2 0.7 290.8 
6 GH + TCE Stem Bottom 55.3 0.5 849.8 
6 GH + TCE Root 39.9 0.3 1379.0 
6 GH + TCE Media 32.2 0.2 1147.9 
7 GH + TCE Leaf 0.5 0.4 14.4 
7 GH + TCE Stem Top 7.1 0.3 149.3 
7 GH + TCE Stem Middle 12.4 0.5 135.3 
7 GH + TCE Stem Bottom 45.0 0.5 357.4 
7 GH + TCE Root 26.5 0.4 694.6 
7 GH + TCE Media 25.6 0.2 1009.7 
8 GH + TCE Leaf 0.6 0.4 11.6 
8 GH + TCE Stem Top 0.6 0.4 11.1 
8 GH + TCE Stem Middle 14.2 0.5 155.3 
8 GH + TCE Stem Bottom 32.3 0.5 309.7 
8 GH + TCE Root 16.7 0.4 530.2 
8 GH + TCE Media 12.3 0.2 837.8 
9 OU2 Leaf BDL 0.3 BDL 
9 OU2 Stem 0.4 0.6 5.4 
9 OU2 Root 0.4 0.6 7.7 
9 OU2 Media 0.4 0.8 1.1 
10 OU2 Leaf BDL 0.3 BDL 
10 OU2 Stem 0.6 0.5 9.9 
10 OU2 Root 0.2 0.6 5.4 
10 OU2 Media 0.2 0.8 0.7 
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Table B-1 Continued 
 
11 OU2 Leaf BDL 0.3 BDL 
11 OU2 Stem 0.2 0.5 3.3 
11 OU2 Root 0.3 0.6 4.6 
11 OU2 Media 0.3 0.9 1.0 
12 OU2 Leaf BDL 0.3 BDL 
12 OU2 Stem BDL 0.5 BDL 
12 OU2 Root BDL 0.5 BDL 
12 OU2 Media 0.1 1.0 0.2 
13 OU2 + TCE Leaf 0.4 0.3 16.6 
13 OU2 + TCE Stem 138.4 0.5 2465.8 
13 OU2 + TCE Root 62.1 0.6 780.9 
13 OU2 + TCE Media 24.0 0.9 84.4 
14 OU2 + TCE Leaf 0.2 0.3 20.3 
14 OU2 + TCE Stem 51.8 0.5 1360.2 
14 OU2 + TCE Root 10.8 0.7 108.1 
14 OU2 + TCE Media 8.2 0.9 20.3 
15 OU2 + TCE Leaf 0.7 0.3 41.3 
15 OU2 + TCE Stem 129.0 0.4 3709.7 
15 OU2 + TCE Root 45.8 0.6 933.6 
15 OU2 + TCE Media 49.7 0.9 112.6 
16 OU2 + TCE Leaf 0.6 0.2 50.5 
16 OU2 + TCE Stem 161.4 0.5 5643.5 
16 OU2 + TCE Root 191.9 0.6 2452.7 
16 OU2 + TCE Media 44.9 0.9 115.9 
17 GH Leaf BDL 0.2 BDL 
17 GH Stem BDL 0.5 BDL 
17 GH Root BDL 0.3 BDL 
17 GH Media BDL 0.2 BDL 
18 GH Leaf BDL 0.3 BDL 
18 GH Stem BDL 0.5 BDL 
18 GH Root BDL 0.3 BDL 
18 GH Media BDL 0.2 BDL 
P11 GH Leaf BDL 0.3 BDL 
P11 GH Stem BDL 0.5 BDL 
P11 GH Root BDL 0.2 BDL 
P11 GH Media BDL 0.3 BDL 
P13 GH Leaf BDL 0.3 BDL 
P13 GH Stem BDL 0.4 BDL 
P13 GH Root BDL 0.3 BDL 
P13 GH Media BDL 0.5 BDL 
P14 GH Leaf BDL 0.3 BDL 
P14 GH Stem BDL 0.4 BDL 
P14 GH Root BDL 0.2 BDL 
P14 GH Media BDL 0.5 BDL 
P34 GH Leaf BDL 0.3 BDL 
P34 GH Stem BDL 0.4 BDL 
P34 GH Root BDL 0.3 BDL 
P34 GH Media BDL 0.4 BDL 
LL12 GH Leaf BDL 0.9 BDL 
LL34 OU2 Leaf BDL 0.9 BDL 
BDL = Below Detection Limit 
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Appendix C. Metabolite Data 
Table C-1. Summary of TCE metabolite data 
 
Tree Sample Concentration (ng/g) 
DCAA TCAA TCEtOH 
1 Leaf 65 23 20 
1 Stem 19 7 16 
1 Root 25 8 22 
1 Media 45 13 26 
5 Leaf 44 342 187 
5 Stem Top 58 68 180 
5 Stem Middle 36 15 117 
5 Stem Bottom 14 18 68 
5 Root 22 24 342 
5 Media 46 24 212 
6 Leaf 44 212 80 
6 Stem Top 21 10 198 
6 Stem Middle 15 8 149 
6 Stem Bottom 12 12 92 
6 Root 25 21 367 
6 Media 835 16 72 
7 Leaf 53 256 156 
7 Stem Top 25 68 65 
7 Stem Middle 18 14 65 
7 Stem Bottom 302 6 51 
7 Root 15 12 333 
8 Leaf 35 221 121 
8 Stem Top 21 83 32 
8 Stem Middle 17 11 56 
8 Stem Bottom 9 13 76 
8 Root 24 30 444 
9 Leaf 77 48 60 
9 Stem 10 3 12 
9 Root 100 23 74 
9 Media 42 26 118 
10 Leaf 46 18 42 
10 Stem 5 2 10 
10 Root 67 18 75 
10 Media 42 16 272 
11 Leaf 48 62 58 
11 Stem 298 11 10 
11 Root 5381 26 81 
12 Leaf 55 284 67 
12 Stem 7 2 10 
12 Root 1781 154 124 
13 Leaf 87 484 135 
13 Stem 11 6 329 
13 Root 278 46 1124 
14 Leaf 57 345 197 
14 Stem 27 23 534 
14 Root 77 19 286 
15 Leaf 75 465 187 
15 Stem 26 45 360 
15 Root 68 70 279 
16 Leaf 48 267 160 
16 Stem 21 15 313 
16 Root 61 38 249 
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Appendix D. Quantity Data 
Table D-1. Summary of microbial quantity data 
 
Tree Sample Concentration Log(copies/g) Archaea Bacteria Fungi AMF 
Tree 1 Leaf 4.75 9.59 7.47 BDL 
Tree 1 Stem 4.28 8.83 7.02 BDL 
Tree 1 Root 4.93 8.83 7.74 6.20 
Tree 1 Media 6.32 9.21 8.83 6.93 
Tree 2 Leaf 4.77 9.46 7.57 BDL 
Tree 2 Stem 4.21 8.75 7.04 BDL 
Tree 2 Root 4.94 8.94 7.71 6.26 
Tree 2 Media 6.10 9.05 8.75 6.71 
Tree 3 Leaf 4.73 9.68 7.45 BDL 
Tree 3 Stem 4.38 8.83 7.04 BDL 
Tree 3 Root 5.04 8.80 8.12 6.45 
Tree 3 Media 6.27 9.21 8.93 7.04 
Tree 4 Leaf 4.66 9.72 7.29 BDL 
Tree 4 Stem 4.43 8.88 7.07 BDL 
Tree 4 Root 5.24 8.82 8.39 6.35 
Tree 4 Media 6.24 9.16 8.98 7.08 
Tree 5 Leaf 4.38 8.86 7.13 BDL 
Tree 5 Stem Top 4.34 8.69 7.12 BDL 
Tree 5 Stem Middle 3.40 8.05 6.78 BDL 
Tree 5 Stem Bottom 3.76 8.03 6.61 BDL 
Tree 5 Root 4.54 8.29 7.59 6.23 
Tree 5 Media 6.08 9.19 8.98 6.88 
Tree 6 Leaf 3.97 8.92 6.66 BDL 
Tree 6 Stem Top 3.07 7.47 6.09 BDL 
Tree 6 Stem Middle 3.17 7.85 7.49 BDL 
Tree 6 Stem Bottom 3.47 7.89 6.49 BDL 
Tree 6 Root 4.56 8.32 7.87 5.99 
Tree 6 Media 6.14 9.19 9.01 6.95 
Tree 7 Leaf 4.94 8.82 7.43 BDL 
Tree 7 Stem Top 5.01 8.92 7.46 BDL 
Tree 7 Stem Middle 4.31 8.36 6.93 BDL 
Tree 7 Stem Bottom 4.18 7.76 6.91 BDL 
Tree 7 Root 5.16 8.61 7.95 6.02 
Tree 7 Media 6.34 8.92 8.88 6.81 
Tree 8 Leaf 4.87 8.79 7.27 BDL 
Tree 8 Stem Top 5.00 8.88 7.40 BDL 
Tree 8 Stem Middle 3.88 8.13 6.58 BDL 
Tree 8 Stem Bottom 4.43 8.22 6.63 BDL 
Tree 8 Root 5.04 8.43 7.95 5.99 
Tree 8 Media 6.42 8.93 8.83 6.83 
Tree 9 Leaf 4.74 9.09 7.05 BDL 
Tree 9 Stem 5.18 8.35 9.70 BDL 
Tree 9 Root 6.00 8.19 7.72 6.46 
Tree 9 Media 6.00 7.84 7.55 6.14 
Tree 10 Leaf 4.96 9.38 7.17 BDL 
Tree 10 Stem 4.74 8.41 7.17 BDL 
Tree 10 Root 5.98 8.30 7.93 6.24 
Tree 10 Media 5.94 7.85 7.45 6.21 
 
 154
 
Table D-1 Continued 
 
Tree 11 Leaf 4.43 9.02 6.97 BDL 
Tree 11 Stem 3.62 7.93 6.68 BDL 
Tree 11 Root 5.90 8.11 7.81 6.63 
Tree 11 Media 5.98 7.82 7.43 6.08 
Tree 12 Leaf 5.14 9.86 7.36 BDL 
Tree 12 Stem 4.60 8.23 7.02 BDL 
Tree 12 Root 5.56 8.12 7.96 6.19 
Tree 12 Media 5.85 7.83 7.29 6.24 
Tree 13 Leaf 4.60 8.96 7.07 BDL 
Tree 13 Stem 4.41 7.97 7.08 BDL 
Tree 13 Root 5.91 8.10 8.02 6.06 
Tree 13 Media 6.04 7.87 7.45 6.59 
Tree 14 Leaf 4.76 9.29 7.06 BDL 
Tree 14 Stem 4.56 8.32 7.07 BDL 
Tree 14 Root 5.85 7.82 7.71 6.55 
Tree 14 Media 6.09 7.69 7.44 5.95 
Tree 15 Leaf 4.89 9.46 7.24 BDL 
Tree 15 Stem 4.86 8.45 7.29 BDL 
Tree 15 Root 6.11 8.08 8.14 6.16 
Tree 15 Media 6.20 7.72 7.68 6.20 
Tree 16 Leaf 5.04 9.42 7.39 BDL 
Tree 16 Stem 4.94 8.36 7.12 BDL 
Tree 16 Root 5.95 7.84 7.65 6.02 
Tree 16 Media 6.11 7.64 7.46 6.33 
Tree 17 Leaf 4.54 8.62 7.27 BDL 
Tree 17 Stem 4.69 8.12 7.13 BDL 
Tree 17 Root 5.38 8.19 8.16 5.88 
Tree 17 Media 6.48 9.03 9.00 7.33 
Tree 18 Leaf 4.82 8.82 7.49 BDL 
Tree 18 Stem 4.53 8.31 7.82 BDL 
Tree 18 Root 5.67 8.25 8.55 6.42 
Tree 18 Media 6.87 9.01 9.38 6.91 
Tree P11 Leaf 4.31 8.58 7.18 BDL 
Tree P11 Stem 4.01 8.35 7.14 BDL 
Tree P11 Root 5.88 8.79 8.84 6.63 
Tree P11 Media 7.06 9.32 9.48 7.30 
Tree P13 Leaf 4.07 8.97 7.39 BDL 
Tree P13 Stem 4.29 8.99 7.75 BDL 
Tree P13 Root 5.89 9.38 9.08 6.87 
Tree P13 Media 6.89 9.12 9.34 7.08 
Tree P14 Leaf 4.48 9.14 7.66 BDL 
Tree P14 Stem 4.28 8.87 7.81 BDL 
Tree P14 Root 5.89 9.36 9.26 7.07 
Tree P14 Media 6.87 9.26 9.52 7.20 
Tree P34 Leaf 4.19 8.51 7.24 BDL 
Tree P34 Stem 3.96 8.34 7.25 BDL 
Tree P34 Root 5.86 8.94 8.94 6.77 
Tree P34 Media 6.83 9.18 9.36 7.16 
Hybrid Poplar Stem 4.98 8.61 8.83 BDL 
Poplar 1 Stem 4.46 8.69 8.52 BDL 
Poplar 3 Stem 4.73 8.20 8.16 BDL 
LL12 Leaf 5.84 9.53 10.53 BDL 
LL34 Leaf 5.25 9.01 9.94 BDL 
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Table D-1 Continued 
 
Potting Media Media 6.70 9.04 9.27 7.19 
Sand Soil Mix Media 6.19 8.30 8.16 6.07 
Bin 1 Water 1.95 5.02 4.71 3.04 
Bin 2 Water 1.09 3.99 3.97 1.75 
Bin 3 Water 3.53 6.56 5.80 3.95 
Bin 4 Water 3.31 5.76 5.39 3.56 
U2-020 Water 2.95 5.28 4.78 2.87 
U2-042 Water 3.10 5.17 4.96 2.52 
U2-046 Water 2.27 5.39 4.71 3.33 
U2-080 Pre Water 2.78 5.21 5.04 2.78 
U2-080 Post Water 3.29 5.61 4.98 2.53 
OU2 SEEP Soil 6.61 8.05 7.38 6.07 
P1 7/08 Leaf 4.50 9.49 7.75 BDL 
P3 7/08 Leaf 4.02 8.05 9.10 BDL 
W1 7/08 Leaf 3.66 7.95 7.16 BDL 
W2 7/08 Leaf 4.51 8.73 9.16 BDL 
W3 7/08 Leaf BDL 8.21 7.22 BDL 
W4 7/08 Leaf 3.98 8.43 8.54 BDL 
W5 7/08 Leaf 4.39 8.43 8.91 BDL 
P1 7/08 Stem 4.86 7.85 9.28 BDL 
P3 7/08 Stem 4.13 7.93 8.68 BDL 
W1 7/08 Stem 5.97 8.65 7.98 BDL 
W2 7/08 Stem 6.25 9.16 9.53 BDL 
W3 7/08 Stem 7.11 8.22 8.89 BDL 
W4 7/08 Stem 5.18 6.76 7.70 BDL 
W5 7/08 Stem 6.82 8.52 9.58 BDL 
P1 11/07 Stem 5.79 9.70 10.54 BDL 
P3 11/07 Stem 5.67 9.66 9.65 BDL 
W1 11/07 Stem 6.40 9.09 9.09 BDL 
W2 11/07 Stem 5.48 8.92 9.53 BDL 
W3 11/07 Stem 6.74 9.62 9.06 BDL 
W4 11/07 Stem 5.52 9.11 10.00 BDL 
W5 11/07 Stem 5.95 8.72 9.36 BDL 
P1 5/07 Stem 5.87 9.62 9.60 BDL 
P3 5/07 Stem 5.51 8.45 9.32 BDL 
W1 5/07 Stem 6.16 9.39 8.39 BDL 
W2 5/07 Stem 6.51 9.38 9.56 BDL 
W3 5/07 Stem 6.67 8.58 8.84 BDL 
W4 5/07 Stem 6.77 9.13 9.80 BDL 
Fertilizer - BDL 5.74 6.66 BDL 
Blank - BDL BDL BDL BDL 
BDL = Below Detection Limit 
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Appendix E. Diversity Data 
Table E-1. Microbial diversity results by diversity number 
 
Tree Sample Diversity # Bacteria Fungi 
1 Leaf 96 7 
1 Stem 66 4 
1 Root 49 6 
1 Media 64 25 
2 Leaf 66 11 
2 Stem 18 3 
2 Root 72 11 
2 Media 75 14 
3 Leaf 95 5 
3 Stem 32 5 
3 Root 44 11 
3 Media 63 30 
4 Leaf 46 6 
4 Stem 15 1 
4 Root 82 5 
4 Media 79 16 
5 Leaf 18 8 
5 Stem Top 18 2 
5 Stem Middle 103 3 
5 Stem Bottom 24 2 
5 Root 96 1 
5 Media 96 21 
6 Leaf 26 6 
6 Stem Top 16 6 
6 Stem Middle 61 4 
6 Stem Bottom 48 2 
6 Root 41 3 
6 Media 76 19 
7 Leaf 28 18 
7 Stem Top 25 2 
7 Stem Middle 45 8 
7 Stem Bottom 28 2 
7 Root 55 1 
7 Media 106 15 
8 Leaf 25 1 
8 Stem Top 27 2 
8 Stem Middle 46 5 
8 Stem Bottom 49 3 
8 Root 65 16 
8 Media 90 7 
9 Leaf 24 1 
9 Stem 69 2 
9 Root 99 6 
9 Media 54 7 
10 Leaf 20 2 
10 Stem 47 1 
10 Root 55 11 
10 Media 16 9 
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Table E-1 Continued 
 
11 Leaf 14 3 
11 Stem 46 1 
11 Root 53 5 
11 Media 59 6 
12 Leaf 41 29 
12 Stem 10 3 
12 Root 49 6 
12 Media 61 7 
13 Leaf 17 5 
13 Stem 56 8 
13 Root 67 3 
13 Media 49 5 
14 Leaf 31 3 
14 Stem 47 2 
14 Root 59 3 
14 Media 73 3 
15 Leaf 16 1 
15 Stem 16 1 
15 Root 39 4 
15 Media 49 4 
16 Leaf 48 1 
16 Stem 23 1 
16 Root 88 3 
16 Media 60 3 
17 Leaf 15 3 
17 Stem 30 1 
17 Root 64 2 
17 Media 72 5 
18 Leaf 58 1 
18 Stem 106 3 
18 Root 85 4 
18 Media 84 21 
P11 Leaf 38 6 
P11 Stem 32 1 
P11 Root 76 13 
P11 Media 67 19 
P13 Leaf 18 2 
P13 Stem 63 6 
P13 Root 68 15 
P13 Media 51 44 
P14 Leaf 49 2 
P14 Stem 11 6 
P14 Root 87 21 
P14 Media 71 29 
P34 Leaf 51 1 
P34 Stem 25 7 
P34 Root 72 35 
P34 Media 75 71 
Hybrid Poplar Stem 80 32 
Poplar 1 Stem 73 29 
Poplar 3 Stem 96 13 
LL12 Leaf 130 107 
LL34 Leaf 105 151 
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Table E-1 Continued 
 
Potting Media Media 105 101 
Sand Soil Mix Media 44 31 
Bin 1 Water 116 137 
Bin 2 Water 163 20 
Bin 3 Water 164 102 
Bin 4 Water 164 46 
U2-020 Water 128 106 
U2-042 Water 118 68 
U2-046 Water 160 122 
U2-080 Pre Water 124 60 
U2-080 Post Water 86 33 
OU2 SEEP Water 96 13 
P1 7/08 Leaf 48 44 
P3 7/08 Leaf 25 56 
W1 7/08 Leaf 49 2 
W2 7/08 Leaf 40 9 
W3 7/08 Leaf 47 3 
W4 7/08 Leaf 55 5 
W5 7/08 Leaf 51 10 
P1 7/08 Stem 111 63 
P3 7/08 Stem 128 19 
W1 7/08 Stem 105 19 
W2 7/08 Stem 151 17 
W3 7/08 Stem 110 13 
W4 7/08 Stem 48 8 
W5 7/08 Stem 136 93 
P1 11/07 Stem 114 253 
P3 11/07 Stem 145 196 
W1 11/07 Stem 147 56 
W2 11/07 Stem 134 86 
W3 11/07 Stem 108 27 
W4 11/07 Stem 110 210 
W5 11/07 Stem 90 172 
P1 5/07 Stem 169 219 
P3 5/07 Stem 83 80 
W1 5/07 Stem 138 26 
W2 5/07 Stem 175 75 
W3 5/07 Stem 132 30 
W4 5/07 Stem 130 107 
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Table E-2. Microbial diversity results by similarity index 
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Table E-2 Continued 
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Table E-2 Continued 
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Table E-2 Continued 
 
 
*Values to the upper-right of the diagonal line represent bacterial indices, while values to 
the lower-left of the line represent fungal indices. 
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Figure E-1. RiboSort MDS plot of leaf bacteria by sample. 
 
 
 
 
Figure E-2. RiboSort MDS plot of leaf bacteria by peak. 
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Figure E-3. RiboSort MDS plot of stem bacteria by sample. 
 
 
 
 
Figure E-4. RiboSort MDS plot of stem bacteria by peak. 
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Figure E-5. RiboSort MDS plot of root bacteria by sample. 
 
 
 
 
Figure E-6. RiboSort MDS plot of root bacteria by peak. 
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Figure E-7. RiboSort MDS plot of media bacteria by sample. 
 
 
 
 
Figure E-8. RiboSort MDS plot of media bacteria by peak. 
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Figure E-9. RiboSort MDS plot of leaf fungi by sample. 
 
 
 
 
Figure E-10. RiboSort MDS plot of leaf fungi by peak. 
 168
 
 
 
Figure E-11. RiboSort MDS plot of stem fungi by sample. 
 
 
 
 
Figure E-12. RiboSort MDS plot of stem fungi by peak. 
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Figure E-13. RiboSort MDS plot of root fungi by sample. 
 
 
 
 
Figure E-14. RiboSort MDS plot of root fungi by peak. 
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Figure E-15. RiboSort MDS plot of media fungi by sample. 
 
 
 
 
Figure E-16. RiboSort plot of media fungi by peak. 
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Figure E-17. PC-ORD plot of leaf bacteria. 
 
 
 
 
Figure E-18. PC-ORD plot of stem bacteria. 
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Figure E-19. PC-ORD plot of root bacteria. 
 
 
 
 
Figure E-20. PC-ORD plot of media bacteria. 
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Figure E-21. PC-ORD plot of leaf fungi. 
 
 
 
 
Figure E-22. PC-ORD plot of stem fungi. 
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Figure E-23. PC-ORD plot of root fungi. 
 
 
 
 
Figure E-24. PC-ORD plot of media fungi. 
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Figure E-25. Example of PC-ORD MRPP output for bacterial ARISA data. 
